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Preface 
These Proceedings include the papers presented during the International 
Conference on the Challenges Facing Irrigation and Drainage in the 
New Millennium, sponsored by the U.S. Committee on Irrigation and 
Drainage. The Conference, held June 20-24, 2000, in Fort Collins, Colorado, 
brought together water resources professionals from around the world to 
discuss issues relating to the Conference theme, Meeting Human and 
Environmental Needs through Sustainability. Rehabilitation and 
Modernization. 
Success in agricultural productivity over recent decades has been described 
as not so much a "green revolution" as a "blue revolution"- the fruit 
derived from controlled water application, made possible by vast irrigation 
systems. Ironically, at a time when more and more reliance is being placed 
on the high yields derived from irrigation, the management, resources and 
infrastructure of irrigated agriculture are vulnerable to mounting challenges 
and problems. The goal of the Conference was to provide a forum for 
thoughtful discourse on how to keep irrigation thriving in its service to 
human need, while sustaining its resource base and promoting beneficial 
interaction with its natural and economic environment. 
Conference presentations included new developments in irrigation and 
drainage research, as well as the latest innovations and technological 
advances practiced both in the United States and internationally. Case 
studies highlighted the experiences and lessons learned during recent years. 
The Proceedings contain invaluable information for water resources 
professionals around the world who strive to improve the science and 
technique of irrigation and drainage, for the benefit of the global population. 
Papers included in the Proceedings were accepted in response to a call for 
papers and were peer-reviewed prior to preparation of the final papers by the 
authors. Two volumes comprise the Proceedings: Volume I includes papers 
prepared for oral presentation during the Conference Technical Sessions and 
Volume II features papers presented during the Poster Session. The authors, 
from 16 countries, are experts from academia; federal, state and local 
government agencies; water districts and the private sector. 
The 34 papers in Volume I were presented during five Technical Sessions: 
• Operation and Maintenance 
• Cross Boundary Issues 
• Drainage and Water Quality 
• Organization 
• Water Management 
iii 
Volume II of the Proceedings includes the 35 papers presented in the 
Conference Poster Session. 
The U.S. Committee on Irrigation and Drainage, and the Conference officers 
express gratitude to the authors. session moderators and participants for their 
contributions. . 
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MULTICRITERIA STRATEGIC PLANNING FOR REHABILITATION OF 
THE WIND RIVER IRRIGATION PROJECT, WYOMING 
Gerald A. Gibbens l Timothy K. Gates2 
ABSTRACT 
This study uses multicriteria decision analysis to plan system-wide rehabilitation 
of the Wind River Irrigation Project in central Wyoming. The developed 
computerized decision support system analyzes the effects of alternative 
improvement strategies on various project goals. Potential improvements to the 
system include rehabilitation and replacement of existing facilities, 
reconfiguration of the system with gravity-delivery pipelines, increased water 
storage, on-fann improvements, managerial improvements and various 
combinations of each of these singular alternatives. Project goals include 
technical measures of increased adequacy, efficiency, dependability and equity of 
water delivery, as well as non-technical measures such as relative cost, social 
acceptability, institutional acceptability and environmental impact. The technical 
measures of system performance are analyzed using the MODSlM river basin 
network flow model and fuzzy membership functions. The non-technical 
measures of system performance are analyzed using either ordinal scales or ratio 
scales that are developed interactively with the project decision makers. Each 
performance measure is weighted to allow more importance to be placed on 
certain performance measures over others. A multicriteria decision analysis is 
then used to develop an aggregate ranking of each alternative based on the system 
performance ratio/scale and weighting. The final product gives decision makers a 
ranking of alternatives which can be used to identify desirable projects for future 
study. 
INTRODUCTION 
During the late part of the 191h century and early part of the 201h century, 
significant work was completed on irrigation systems throughout the western 
United States to promote settlement of the arid West. Since that time, a significant 
portion of these irrigation systems have fallen into various states of disrepair and 
are in need of significant rehabilitation and modernization if irrigation is to 
continue. In addition, due to the controversial nature of water development 
projects in the United States and throughout the world, attention is turning more 
I Project Engi~, Montgomery Watson, 1401 Seventeenth Street. Suite 600, Denver CO 80202 
2 Associate Pror .• Civil Engineering Dept., Colorado State University, Fort Collins, CO 80523 
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and more towards repair and rehabilitation of existing irrigation systems rather 
than the construction of new systems. The controversial nature of water 
development also affects rehabilitation of existing systems. Opinions and 
requirements of entities other than end-user irrigators can have significant impacts 
on the course of action taken. Therefore, multicriteria planning analysis is an 
integral part of selecting feasible rehabilitation alternatives. 
The purpose of this study is to employ multicriteria decision-making techniques 
to evaluate and rank various rehabilitation alternatives on the Wind River 
Irrigation Project in Wyoming. Previous studies have developed potential system 
rehabilitation alternatives, such as physical system improvements, on-fann 
improvements, management improvements and increased storage, and provided 
general estimates of their affects on water supply, as well as a general cost 
estimate (Roncalio 1982, SCS 1993a, NRCE 1994a, NRCE 1994b, NRCE 1995). 
However, ranking of the alternatives has not been performed. This analysis will 
utilize a system simulation model to evaluate the technical performance of each of 
the alternatives for a given set of objectives. In addition, surveys of decision 
makers will be used to develop the effects of each alternative on subjective 
criteria. Fuzzy set theory and multicriteria decision analysis techniques will be 
used to rank each of the alternatives given the preference criteria and weightings 
for each criterion. 
The technical basis for the work performed in this study is work conducted by 
Gates, et al. (1991) and Heyder, et al. (1991) in the San Luis Valley of Colorado. 
The study presents a methodology and application of multicriterion strategic 
planning for irrigation system improvement considering multiple planning 
criteria. Several alternatives for irrigation system rehabilitation are evaluated in 
terms of several criteria used to rank the alternatives. Whereas traditional water 
resources planning problems have utilized constrained single-objective problems 
using traditional optimization techniques, this analysis utilizes multicriteria 
decision- making (MCDM) to assess rehabilitation strategies. 
Srrp DESCRIPTION 
The Wind River Irrigation Project (WRIP) is located on the Wind River Indian 
Reservation in Central Wyoming. The Project is currently owned and operated by 
the Bureau of Indian Affairs of the United States Department of the Interior, 
although the Shoshone and Northern Arapaho Tribes are assuming increasing 
levels of responsibility for operations and maintenance. The Project has a gross 
acreage of approximately 40,000 acres, and can be divided into two hydraulically 
separate units. The Little Wind Unit diverts water from the Little Wind River. 
The Upper Wind Unit, Johnstown Unit and Lefthand Unit all divert water out of 
the Wind River. Only the Little Wind Unit will be analyzed in this study. The 
Multi-Criteria Strategic Planning 
Little Wind Unit is the largest of the units with approximately 25,000 potentially 
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Fig. 1. Little Wind Unit, Wind River Irrigation Project 
The Little Wind Unit contains two main SO\1l'CeS of water supply: the North Fork 
of the Little Wind River, which has a mean annual discharge of 103,151 acre-feet; 
and the South Fork of the Little Wind Ri ver, which has a mean annual discharge 
of 93,728 acre-feet. Trout Creek and Mill Creek, which have a combined mean 
annual discharge of 11,031 acre-feet, are also available for diversion. All of the 
sources are fed primarily by mountain snowmelt and exhibit short, high duration 
peak flow events in late May to early June lasting only a few weeks. No 
groundwater is currently used as irrigation supply on the Project. 
The Little Wind Unit consists of Ray, Coolidge and Suh-Agency main canals, as 
well as the North Fork diversion canal, which diverts water from the North Fork 
to the South Fork upstream of the Ray Canal headworks. Several non-project 
ditches, or private ditches, also divert off of the North Fork, South Fork, 
mainstem of the Little Wind River and Trout Creek. The Project diversion works, 
canal structures and canal channels are generally in poor condition. Two 
reservoirs serve the Little Wind Unit. Washakie Reservoir is an on-stream facility 
with a capacity of 7,440 acre-feet. Ray Lake is an off-stream facility with a 
capacity of 6,980 acre-feet. Water is primarily stored at the beginning of the 
irrigation season for use in the dryer months at the end of the irrigation season 
with little or no carryover storage. While Washakie Reservoir can serve the entire 
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Little Wind unit, Ray Lake currently only serves the lower portions of Coolidge 
Canal and Sub-Agency Canal. 
The existing cropping pattern consists of 8.9 percent alfalfa, 30.3 percent grass 
hay, 25.6 percent pastures, 2.7 percent grains such as barley, and 3.0 percent row 
crops such as com and sugar beets (NRCE 1994b). The remaining 29.4 percent of 
assessed lands are idle, resulting in 17,600 inigated acres. Current inigation 
methods primarily consist of flood and contour inigation. The use of gated pipe 
has increased in recent years due to introduction of a cost-share program between 
the Tribes and individual inigators. The use of sprinkler systems is very limited, 
with a few side-roll sprinklers used to inigate alfalfa fields. Fonnal project 
drainage systems are primarily limited to earthen ditches ranging from five to ten 
feet below grade designed to move shallow return flows out of the ground water 
and back into the inigation system. Few fonnal on-fann drainage systems exist. 
IRRIGATION SYSTEM IMPROVEMENT ALTERNATIVES 
Several structural and non-structural system improvement alternatives have been 
proposed for the Wind River Irrigation Project. Many of these improvements are 
not mutually exclusive. Therefore, combinations of the alternatives are 
considered in the analysis. A listing of the alternatives and their combinations are 
shown in Table 1. The effects of the system management improvements, on-fann 
improvements, rehabilitation and reconfiguration will be simulated in the model 
through increased efficiencies. The increase in storage will be simulated through 
changes in the model reservoir capacities. 
Table 1. Irrigation System Improvement Alternatives 
Alternative 
No. Alternative Description 
Singular Straleries 
1 Existing System 
2 System Management Improvements 
3 Rehabilitation of Existing System 
4 Reconfiguration of Existing System 
S On-farm Improvements 
6 Increased Storage 
Combined Stralellies 
7 Rehabilitation and On-farm Improvements 
8 Reconfiguration and On-farm Improvements 
9 Rehabilitation and Increased Storage 
10 Reconfiguration and Increased Storage 
11 Rehabilitation. On-farm Jmprovcments and Increased StoraRe 
12 Reconf.Jguration. On-farm Improvements and Increased Storage 
Multi-Criteria Strategic Planning 
Non-Structural Alternatives 
The current irrigation project is primarily managed without many of the 
technologically advanced tools available to irrigation project managers today. 
The Project does not have a system simulation model, rule curves for reservoir 
operations or models which can predict system inflows based on available 
snowpack and precipitation. In addition, fee assessment collection and routine 
maintenance suffer due to understaffing. The improved management alternative 
has been included in the analysis to improve these tasks within the irrigation 
office, some of which are already underway in the irrigation office. In addition, 
all of the improvement alternatives considered in the analysis assume that some 
form of improved system management will occur along with the alternative. 
Although current methods of irrigation can be effective, other irrigation 
alternatives exist which could more efficiently apply water to the crops and result 
in less diversion requirements for the system. The systems include the increased 
use of gated pipe, side-roll sprinklers and center-pivot sprinklers, as well as the 
training and increased management of irrigators. The Natural Resources 
Conservation Service (NRCS, formerly SCS) has provided several alternatives for 
increased on-farm efficiencies, ranging from simply increasing gated pipe use by 
24 percent, to complete conversion of all farms to sprinkler irrigation (SCS 
1993a). The most likely improvement scenario, as indicated by previous studies, 
was chosen. This scenario includes ten percent gated pipe, 44 percent gated pipe 
with surge, two percent concrete-lined ditches, two percent sprinkler, 30 percent 
contour flood and 12 percent uncontrolled flood (SCS 1993a). 
Deliverv System Alternatives 
The rehabilitation alternative considers a general "as-is" replacement of the 
existing structures and repair to the channels. No significant realignment or re-
engineering of the project would take place as part of the work, although 
structures that are obviously deficient in design or canals that can easily be 
realigned to take advantage of certain physical features could occur. In many 
cases, the technology currently available in terms of structural engineering and 
construction techniques could result in a system that would provide a longer life 
than the existing structures. Although the rehabilitated system would not offer 
significant changes or improvements other than increased efficiencies, the 
irrigators and operators are familiar with the existing system and a rehabilitated 
system would offer proven long term reliability in water deliveries. 
The reconfiguration alternative is a replacement of nearly all laterals and sub-
laterals with low-pressure reinforced concrete pipe (RCP) and polyvinyl chloride 
(PVC) pipe distribution systems. This system could take advantage of pressure 
head in closed conduits to traverse uphill gradients in the alignments. For this 
reason, following the existing lateral alignments would not necessarily be 
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required, hence the project would be reconfigured. The advantages of 
reconfiguration include improved project viability, a decrease in operations and 
maintenance costs, increased system reliability, use of gravity pressure for 
sprinklers, reduced environmental impacts, and conserved water (NRCE 1994b). 
Storage Alternatives 
Due to topographical, hydrologic, geotechnical and environmental constraints, the 
enlargement of Ray Lake was considered as the only feasible storage enlargement 
alternative available for the Little Wind Unit (NRCE 1995). Studies have shown 
that there exists potential to enlarge Ray Lake to beyond 50,000 acre-feet (WWC 
1995). The Ray Lake System Analysis report (NRCE 1995) indicates that an 
active pool volume of 26,000 acre-feet would provide full demand satisfaction for 
the 80 percent exceedence year (or that 20 percent of the years would experience 
some type of shortage). This 26,000 acre-foot alternative is used in the simulation 
model as the proposed Ray Lake enlargement capacity. In addition to reservoir 
enlargement, enlargement of the inlet canals would be required to adequately fill 
the reservoir and two additional outlet canals would be required to distribute 
storage to a larger portion of the irrigation system, including the upper portion of 
Coolidge Canal and the lower portion of Ray Canal. 
Combinations of Alternatives 
Many of the alternatives can be combined to offer more benefits to the project 
than the singular alternatives alone. Each of the system repair alternatives was 
considered in combination with on-farm improvements alone and the increased 
storage alternative alone. In addition, a combination of the system improvements, 
on-farm management and increased storage also were considered. Although the 
reconfiguration and rehabilitation alternatives considered in this analysis are 
mutually exclusive, further scenarios could be considered that involve partial 
rehabilitation and partial reconfiguration. This type of scenario has not been 
considered in this analysis, but it is anticipated that under the rehabilitation 
alternative, some reconfiguration of the project could occur, especially for laterals 
that contain numerous drop structures or larger laterals that run along major 
roadways and pose hazards to motorists. 
SYSTEM SIMULATION METHODOLOGY 
The Little Wind River basin was modeled to determine the criterion function 
values of the technical criteria. The simulation model considered major system 
inflows, WRIP diversions from the River and its tributaries, and major private 
ditch diversions from the river and its tributaries. Inflows to the system were 
based on USGS gaged flows that are generally located upstream of all diversions. 
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Irrigation system diversions were based on calculated crop water requirements, 
effective rainfall and irrigation system efficiencies. 
The system simulation has been performed on a weekly time basis, with a study 
period from water year 1977 to 1997. Daily historical streamflow data were 
available from several stations throughout the Little Wind River Basin for various 
periods of record. The North Fork of the Little Wind, South Fork of the Little 
Wind, Trout Creek and Mill Creek gaging stations represent "natural" flows, as 
no accretions or diversions take place from the river upstream of the gaging 
station. Climatic data were available from Lander, Riverton and Fort Washakie. 
Missing data, primarily precipitation data, were filled in using regression 
techniques. In addition, North Fork, Trout Creek and Mill Creek data were 
correlated to the South Fork data using regression analysis techniques. 
Irrigation Water Requirements 
The main demands within the Little Wind River basin are irrigation water 
requirements. Because of the arid climate of the area, a significant portion of the 
crop gross water requirement comes from irrigation water. Evapotranspiration 
calculations were performed for each weather station (Lander, Fort Washakie and 
Riverton), and then prorated at each service area based on the proximity and 
relative similarity in climate to the base stations. The FAO-24 Radiation method 
developed by Doorenboos and Pruitt (1977) was selected for this analysis. This 
method allows computation of evapotranspiration on a weekly basis and generally 
predicts evapotranspiration in arid climates at or slightly above measured 
lysimeter evapotranspiration (Jensen 1990). Evapotranspiration calculations 
were calibrated at each weather station with the Penman-Monteith method 
calculated at the Lander station. Crop coefficients were derived from University 
of Wyoming Cooperative Extension data (pochop et a1. 1992) and SCS data (SCS 
1993b). 
Irrigation Efficiencies: Efficiencies were divided into two categories. 
Conveyance efficiencies were defined as the efficiency which accounts for losses 
between the time the water is diverted out of the river to the time the water 
reaches the farm turnout structure. On-farm efficiencies account for water losses 
that occur at the farm level, from the time the water is delivered to the farm to the 
time water is taken up by crops. Overall efficiency is the product of the 
conveyance efficiency and the on-farm efficiency. 
Several studies have been conducted on the potential for increased efficiencies. 
Roncalio (1982) suggested that on a system-wide basis with redistribution of 
return flows the existing overall efficiency would be approximately 35 percent 
with potential for improvement to 40 percent by utilizing improved management 
practices. NRCE (1994a) found through water balances and basin-wide modeling 
that existing on-farm efficiencies Me approximately 47 percent. and when 
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factored with an 85 percent distribution efficiency. result in an overall efficiency 
of 40 percent. In addition. NRCE (1994a) estimated that conveyance efficiencies 
would increase by five percent due to rehabilitation and ten percent due to 
reconfiguration. Based on these analyses. Table 2 shows the efficiencies used for 
evaluation of alternatives in this study. 
Table 2. Efficiencies Used in this Analysis 
Conveyance On-farm 
Scenario Efficiency Efficiency 
Existinlt SyStem 85.0% 41.2% 
Existing with mngt. improvements 85.0% 47.0% 
Rehab. with no on-farm ilnprovements 90.0% 47.0% 
Rehab. with on-farm improvements 90.0% 50.2% 
Recon. with no on-farm improvements 95.0% 47.0% 
Recon. with on-farm improvements 95.0% 50.2% 
Noles: 









Leaching Requirements: The overall salinity levels in the irrigation water supply 
at the Ray and Coolidge Canal diversions are within the range of no restrictions as 
identified by the NRCS (Grasso 1995. Daddow 1996). The Sub-Agency Canal 
diversions are within the range of slight restrictions. Basin inflows above 
Washakie Reservoir are within the low hazard class identified by the USGS. In 
addition. it is clear that existing irrigation water application is flushing a 
significant amount of salts from the soils and into return flow drains due to the 
increase in salinity from the upper portions of the basin to the lower portions of 
the basin. Because of the high soil salinity rating for over 50 percent of the arable 
soils within the unit. any improvements in on-fann efficiencies must take into 
account leaching requirements of the soils. However. estimations of leaching 
requirements using the standard NRCS approach indicated that return flows for all 
alternatives are greater than the maximum leaching requirements calculated. 
Therefore. it has been assumed in this study that all leaching requirements are 
satisfied on a system-wide basis through deep percolation. which is accounted for 
in on-fann efficiencies. 
System Simulation Model 
The system simulation model has been constructed using the MODSIM River 
Basin Network Flow Model. MODSIM is a generalized network flow model that 
uses an optimization algorithm to simulate water allocation in river basins 
according to physical. hydrological and institutional parameters and constraints 
(Labadie 1995). The network is represented by a collection of links and nodes 
that contain physical information regarding the network. Systems inflow. 
reservoir and demand points are represented by nodes. Canals. rivers and other 
conveyance mechanisms are represented by links. The model allows input of 
l 
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basic data requirements, as well as more complex network operating parameters 
such as water rights (including storage rights accounting), exchanges, instream 
flow requirements, augmentation plans, and rule curves, all of which can vary 
with each time period. Microsoft Excel has been used as the data preprocessor 
and postprocessor. 
MULTICRITERIA DECISION ANALYSIS METHODOLOGY 
Multicriteria decision analysis provides a systematic framework for evaluating 
and ranking alternative strategies based on several decision criteria. Criteria can 
range from technical water supply and distribution goals to subjective and non-
commensurable goals such as social acceptability, cost and environmental goals. 
For this analysis, both technical and subjective decision criteria, or goals, were 
assigned commensurable values using fuzzy sets and ordinal scales as determined 
from interviews with decision makers. Each alternative could then be ranked 
based on their scores for each of the decision criteria. Two ranking methods were 
used in this study: the weighted average method and the PROMETHEE II 
method. 
Criterion Functions 
In conjunction with recommendations made by the Wind River Water Resources 
:::ontrol Board (Water Board), eight decision criteria were selected for thCl 
analysis, and are shown in Table 3. Four of these decision criteria are technical 
criteria that can be measured given the results of the system simulation model. 
The other four criteria are non-technical criteria that were evaluated using ratio 
scales based on interviews with decision makers. Each criterion was assigned a 
function for alternative ranking. Criterion functions for technical criteria were 
based on the system simulation model and fuzzy membership functions. Criterion 
functions for non-technical criteria derived from surveys of decision makers. 
Table 3. Decision criteria 
No. Technical Criteria No. Non-technical Criteria 
1 Adequacy 5 Capital Costs 
2 Dependability 6 Operation and Maintenance (O&M) 
Costs 
3 EQuity 7 Long-term Viability 
4 In-stream flows 8 SociaVfribal Acceptability 
Each of the technical criteria are a measure of the ability of the irrigation system 
to serve demands, and have been defined in previous reports (Gates et al. 1991). 
The following equations present the definition of each of the measures as they 
relate to specific irrigation system variables: 
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Adequacy: PA =( ~W[~~(PA)] 
Po =( ~)~CVAPA) 





PA = QoIQR for Q05: QR 
= I, otherwise 
(3) 
(Note: in this analysis, QD was always less than or equal to 
QR); 
QR = QR (Xi,ti) = the amount of water required at diversion 
points Xi during time period tj (j = I, N); 
QD = QD (Xi,ti) = the amount of water delivered to diversion 
points X; during time period tj (j = I, N); 
CVr = temporal coefficient of variation over the time period T; 
CV SIr = spatial coefficient of variation over the region 9l. 
The Project is currently not operated to maintain instream flows. Also, reserved 
water rights are not pennitted to be used for maintenance of instream flows. 
However, the Tribes have realized the importance of instream flows to maintain a 
biological equilibrium in the river ecosystem. Therefore, instream flows have 
been included in this analysis as a technical criterion. The following equation 
represents the instream flow performance measure, P,F: 
Instream Flows: (4) 
Where: 
PIF = ~/QRR for ~~ QRR 
= I, otherwise; 
QRR = QRR (rl,ti) = the amount of water required within reach ri 
during time period tj (j = I, N); 
ClA = ~ (ri,t;) = the actual amount of water flowing within 
reach ri during time period tj (j = I, N); 
Nr = total number of reaches. 
A Monte Carlo analysis was used to obtain the expected value, Eo/Pi) of each 
performance measure over a number of possible realizations, aJ. Each realization 
represented an irrigation season in this study. Therefore. the total number of time 
periods T was equal to the number of realizations. td, and the expected values for 
each measure was the average over the total number of realizations. The number 
of realizations in this analysis is limited to the study period. or 21 years. 
Multi-Criteria Strategic Planning 
Because of the subjective qualifications, decision makers often do not perceive a 
linear correspondence between values of the performance measures and the 
degree of satisfaction of the respective criteria. Therefore, fuzzy sets are used to 
transform the expected values of each performance measure into membership 
functions for use in the multicriteria decision analysis. Fuzzy sets allow a degree 
of uncertainty and preference to be used in the assessment and ranking of 
alternative strategies. Data for the membership functions were obtained through 
interviews with the decision makers. Curves were then fitted through the data 
points to estimate the membership function, J.l, for each of the performance 
measures. These curves are shown in Fig. 2. 
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Especled Value 
0.8 
Fig. 2. Technical Criteria Fuzzy Membership Functions 
1.0 
Non-Technical Criteria: Non-technical criteria include capital engineering and 
construction costs, operations and maintenance costs, fulfillment of long-term 
project viability and socialffribal acceptance. Unlike the technical criteria, the 
evaluation of these criteria cannot be obtained through simulation model results. 
Instead, the criteria are assigned values based on an ratio or ordinal scale. Ratio 
scales involve a ranking of values based on relative preference, such as an 
assignment of values between zero and ten for each alternative. Ordinal scales 
simply rank the alternatives in order of preference, with no gage for preference as 
related to each other, In this analysis, ratio scales have been used to assign values 
for all alternatives. To develop commensurable values for the weighted average 
method, a linear normalization of the scores for each alternative, i, was I pedonmd to de""lop critorion f""ction val"" C, •.. shown ;n T.ble 4. p", "",h 
criterion function value, 1.0 indicates the most preferred alternative. 
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Capital O&M Long-term SociaVfribal 
Costs (I) Costs (2) Viability (3) Acceptability (4) 
$xIO· Cc Ratin!!: COM Rating Cv Rating CA 
SO 1.00 0 0.00 0 0.00 0.0 0.00 
SO.15 1.00 4 0.40 5 0.50 10.0 1.00 
$19.2 0.57 5 0.50 10 1.00 8.0 0.80 
$14.0 0.69 10 1.00 10 1.00 10.0 1.00 
$8.0 0.82 3 0.30 5 0.50 10.0 1.00 
$12.5 0.72 8 0.80 5 0.50 10.0 1.00 
$29.9 0.33 4 0.40 10 1.00 10.0 1.00 
$24.7 0.45 6 0.60 10 1.00 7.0 0.70 
$34.2 0.24 5 0.50 10 1.00 10.0 1.00 
$29.0 0.35 10 1.00 10 1.00 8.0 0.80 
$44.9 0.00 5 0.50 10 1.00 10.0 1.00 
$39.7 0.12 8 0.80 10 1.00 7.5 0.75 
Costs from (NRCE 1994b) indexed to 2000. 
Based on interviews with Water Board. Values indicate expected O&M costs, with 
highest rated alternatives requiring the least O&M costs. 
Ability of alternative to provide facilities necessary for long-term projcct operations. 
Based on interviews with Water Board. 
Ranking Methods 
The weighted average method is a more traditional method of ranking which 
ranks alternatives based upon the worth of the alternative, or the average of the 
weighted sum of its criterion function values. The alternative which has the 
greatest worth receives the highest ranking. The worth of the alternative can be 
defined as (Gates et al. 1991; Labadie 1999): 
(5) 
where: MCj = worth for alternative j 
Wj = weighting factor for criterion i, where :EWj = 1. 
Cij = criterion function value for criterion i and alternative j 
K = total number of criteria 
Weights for each of the criteria also were included in the surveys of the Water 
Board. The Water Board was asked to weight each of the alternatives based on 
their importance in decision making. A ratio scale of zero to ten was used for the 
weights, with ten indicating the most important criterion. The advantage of the 
weighted average method is its simplicity and its traditional use as a ranking 
method. Its disadvantage is the requirement that quantitative scales, such as ratio 
scales, must be used to define the criterion function values. 
Multi-Criteria Strategic Planning 
The PROMETIffiE (preference Ranking Organization Method for Enrichment 
Evaluation) n is an outranking method where the multicriteria are replaced by a 
single criterion that establishes a complete dominance relation between 
alternatives. Comparisons between alternatives are evaluated to measure a 
dominance relationship between the pair. Preference relations. P(a.b). measure 
the intensity of the preference of given alternative a to a given alternative b. 
General preference relations include no preference. weak preference. strong 
preference and strict preference (Labadie 1999). Preference function values. 
H(d). can be used to numerically describe the preference relation P(a,b). Values 
of the preference function vary from zero for those alternatives which are 
indifferent to one for those alternatives in which one alternative is strictly 
preferred over the other alternative. 
The PROMETIffiE II method provides a complete preorder of alternatives. This 
is accomplished using a net outranking flow: 
(6) 
where: ;(a) = net outranking flow; 
;+(a) = the amount by which alternative a outranks all other 
alternatives; 
;-( a) = the amount by which alternative a is outranked by all 
other alternatives. 
Outranking flows are calculated from preference function values for each pairwise 
comparison of alternatives. Ranking of the alternatives is then made with the 
alternative containing the most positive net outranking flow being the highest 
ranked alternative. Preference function structures are chosen based on the type of 
data and the general relative strength and structure of the dominance relation 
between alternatives. Criteria in which there is a high degree of uncertainty in the 
preference function values would have structures with some degree of 
indifference threshold. while those with strict preference may have a structure 
with no indifference zone. Crit~ria in which the preference is related to the 
magnitude of difference between the preference function values may use a 
function structure which allows this variable nature. 
RESULTS 
Average annual diversion requirements ranged from 108.092 acre-feet for 
alternative 1 (existing system) to 79.373 acre-feet for alternative 12. with average 
annual deliveries ranging from 92.215 to 78.159 acre-feet. respectively. The 
number of years with full demands met ranged from five percent for the existing 
system to 81 percent for alternative 12. 
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Criterion function values for the four technical criteria were determined from the 
perfonnance indicators based upon the simulation resull$. Table 5 presents a 
summary of the performance indicators and criterion function values for each of 
the technical criteria. The alternatives which include increased storage 
(alternatives 6 and 9-12) all had adequacy measures which met or exceeded the 
maximum values for those alternatives that do not include increased system 
storage. This shows the importance of increased storage for improved system 
adequacy. Dependability. equity and instream flows generally improved with 
increasing project efficiencies. 
Table 5. Performance Indicators and Criterion Function Value Results 
AI!. Adec uacy Dependability Equity Instrcam Flows 
No. E./.PA) JIA EJPo) Po E.J.Pc) PE E,fP'F) PI, 
1 0.85 0.03 0.17 0.65 0.08 0.84 0.40 0.43 
2 0.89 0.08 0.15 0 .68 0.06 0 .87 0 .41 0.44 
3 0.90 0.10 0 .14 0.69 0.06 0.88 0.41 0.44 
4 0.91 0.15 0.13 0 .71 0.05 0.90 0.42 0.44 
5 0.90 0.11 0 .14 0.70 0.06 0.89 0.41 0 .44 
6 0.97 0.58 0.07 0.82 0.02 0.97 0.43 0.46 
7 0.92 0.17 0.12 0.72 0.05 0.90 0.41 0.44 
8 0.93 0.21 0 .12 0.72 0.05 0.91 0.42 0.45 
9 0.98 0.66 0.06 0.84 0.02 0.97 0.42 0.46 
10 0.98 0.73 0.06 0 .86 om 0.97 0.42 0.45 
11 0.98 0.74 0.06 0.86 om 0.97 0.42 0 .45 
12 0.99 0.81 0.05 0.88 0.01 0 .98 0.42 0.45 
Ranking 
The results of both the weighted average and PROMETHEE II multicriteria 
decision analysis schemes are shown Table 6. Alternative 10. reconfiguration and 
increased storage, was the highest ranking alternative in both methodologies. In 
general. the highest ranked alternatives included increased storage and/or 
reconfiguration. The highest ranking rehabilitation alternative was alternative 9 in 
the weighted average method and alternative 11 in the PROMETIIEE II method. 
Both of these alternatives incorporate increased storage with rehabilitation, and 
alternative 11 includes on-farm improvements. 
CONCLUSION 
The results clearly show the advantages of using a multicriteria decision analysis 
for investigation of irrigation system rehabilitation alternatives. Previous 
techniques primarily have considered only technical goals. But. for the Wind 
River Irrigation Project. as well as many other projects. non-technical goals can 
have equal or more importance than technical goals. In addition. multicriteria 
analysis allows a systematic procedure for ranking based on sometimes 
Multi-Criteria Strategic Planning 
conflicting goals, such as increased irrigation adequacy, long-tenn project 
viability, capital costs and Tribal/social acceptability. This same benefit also 
allows a sensitivity analysis of alternative scoring schemes (fuzzy sets and ratio 
scales) and alternative weighting schemes to determine the overall affect of 
individual goals on the project. In this analysis, it was found that those 
alternatives which ranked highest in technical criteria also ranked high in the 
multicriteria analysis. However, the alternative with the highest technical ranking 
did not rank first in the multicriteria analysis. 
Table 6. MCDA function values and rankings 
AI!. Alternative Description Weighted Average PROMETHEE II 
No. Me, Rank I/(a) Rank 
1 Existinl[ System 0.370 12 -8.01 12 
2 System Management Improvements 0.592 9 -3.78 11 
3 Rehabilitation of Existi~ ~stem 0.611 8 -2.75 10 
4 Reconfiguration of Existing System 0.727 2 1.60 6 
5 On-farm IlIlpf'Ovements 0.558 11 -2.72 9 
6 Increased Storage 0.714 4 3.14 3 
7 Rehab. and On-farm Improvements 0.588 10 -0.70 8 
8 Recon. and On-farm Improvements 0.620 7 0.05 7 
9 Rehabilitation and Increased Storage 0.689 5 2.57 5 
10 Reconfil[uration and Increased Stora~ 0.777 1 4.01 1 
11 Rehab .• On-farm Impr. and Inc. Storage 0.665 6 2.94 4 
12 Recon., On-farm Impr. and Inc. Storage 0.721 3 3.65 2 
The purpose of this analysis was to present the Water Board with a tool for 
making rational decisions regarding future irrigation system improvements within 
the Wind River Irrigation Project. The analysis is not intended to provide a finn 
answer to the question of which improvements should be selected. However. the 
results show that increased storage is the single most effective means to increase 
system adequacy, and is in the top-ranking alternatives in both analysis 
methodologies. However, increased storage alone does not address long-tenn 
viability of the project. Either rehabilitation or reconfiguration will be required if 
the project is to survive for the long tenn; the existing system will continue to 
degrade until many of the channels and structures can no longer deliver irrigation 
water andlor catastrophic failures occur. The results of the analysis could also be 
used to stage improvements. Since all high-ranking alternatives include increased 
storage, Ray Lake could be expanded first. Then, the chosen delivery system 
improvement, either reconfiguration or rehabilitation. could be implemented, 
followed by on-farm improvements. 
15 
16 Irrigation and Drainage in the New Millennium 
REFERENCES 
Daddow. RL. (19%). "Water Resources of the Wind river Indian Reservation. Wyoming." U.S. 
Gcological Survey. Water-Resources Investigations Report 95-4223. Cheyenne. 
Wyoming. 
Doorenbos. J .• and Pruitt. W. O. (1977). "Guidelines for Predicting Crop Water Requirements." 
FAO Irrig. and Drainage. Paper No. 24.2"" ed .• FAO. Rome. Italy. 
Gates. T.K .• Heyder. W.E .• Fontane. D.G .• Salas. J.D. (1991). "Multicriterion Strategic Planning 
for ImprOVed Irrigation Delivery. I: Approach." Journal o/Irrigation and Drainage 
Engineering. ASCE. 117(6).897-913. 
Grasso. D.N .• Jennings. M.E. and Sadler. J.S. (1995). "Field Screening of Water Quality. Bottom 
Sediment, and Biota Associated with Irrigation Drainage. Wind River Indian 
Reservation. Wyoming. 1992-93." U.S. Geological Survey. Open-File Report 95-121. 
Cheyenne. Wyoming. 
Heyder. W.E .• Gates. T.K .• Fontanc. D.G .• Salas. J.D. (1991). "Multicritcrion Strategic Planning 
for improved Irrigation DeliVery. II: Application" Journal 0/ Irrigation and Drainage 
Engineering. ASCE. 117(6).914-934. 
Jensen, M.E .• Burman. RD. and Allen. RG .• eds. (1990). Evapotranspiration and Irrigation 
Water Requirements. Irrigation and Drainage Division. ASCE. Manuals and Reports on 
Engineering Practice No. 70. New York. 
Labadie. J.W. (1995). "MODSIM: River Basin Network Flow Model For Conjunctive Stream-
Aquifer Management Program User Manual and Documentation." Colorado State 
University. Fort Collins. Colorado. September. 
Labadie. J.W. (1999). "Engineering Decision Support and Expert Systems." Class Notes. 
EG610. Colorado State University. spring 1999 semester. 
Pochop. Larry. Travis Teegarden. Greg Kerr. Ronald Delaney and Victor Hasfurther. (1992). 
"Consumptive Use and Consumptive Irrigation Requirements in Wyoming." University 
of Wyoming Coorpcrative Extension Service and Wyoming Water Research Center. 
M87. October. 
Natural Resources Consulting Engineers (NRCE). (1994a). "Draft Summary of the Wind River 
Basin Water Management Studies." Fort Collins. Colorado. 
Natural Resources Consulting Engineers (NRCE). (1994b). "Wind River Irrigation Project 
Assessment and Plan." Fort Collins. Colorado. June. 
Natural Resources Consulting Engineers (NRCE). (1995). "Ray Lake System Analysis." Fort 
Collins. Colorado. July 26. 
Roncalio. Teno. (1982). "Report Concerning Reserved Water Rights Claims By and On Behalf 
of The Tribes of the Wind River Indian Reservation. Wyoming." District Court of the 
Fifth Judicial District. State of Wyoming. Civil No. 4993. December 15. 
Soil Conservation Service (SCS). (1993a). "Irrigation on-farm report for Wind River Basin Water 
Supply Study." United States Department of Agriculture. February. [Note: Only the 
Multi-Criteria Strategic Planning 
Interim report. May 1992. was available for review in its fulltexl. Materials extracted 
from the Interim report were verified with other sources referencing the Final report.) 
Soil Conservation Service (SCS). (l993b). National Engineering Handbook (NEH. Part 623. 
Chapter 2 - Irrigation Water Requirements. United States Department of Agriculture. 
September. 
Western Water Consultants (WWC). (1995). "Ray Lake Dam Rehabilitation and Enlargement 




ENVIRONMENTAL MANAGEMENT PLAN FOR TIm IRRIGATION 
IMPROVEMENT PROJECT (lIP) - TAJAN SUBPROJECT 
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ABSTRACT 
The Irrigation Improvement Project (lIP) is funded jointly by the Government 
of Iran and the World Bank. The project with an estimated cost ofUS$ 312 
million started in 1994 and is expected to be completed by end of2001. 
The project implements irrigation improvement measures in about 107,000 
hectares in four subproject areas located in northern and southern Iran. Existing 
irrigation and associated agricultural practices are having environmental impacts 
on natural and important man made ecosystems both within and downstream of 
each of the subprojects areas particularly on local and migratory wildlife. A major 
part ofIIP is an Environmental Management Plan (EMP) which includes in part a) 
strengthening the institutions and training the personnel responsible for addressing 
long-term environmental issues related to irrigated agriculture, b) establishing 
agricultural chemicals management program and surface water and groundwater 
quality monitoring programs, and c) preparing special studies and mitigation plans 
to address long-term environmental management issues related to the development 
of irrigated agriculture. 
Good progress has been made with respect to the civil engineering works 
associated with the project, but a number of issues have delayed environmental 
mitigation activities associated with the project. 
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Special environmental issues oflIP, particularly those associated with the Tajan 
Subproject and related mitigation actions are presented in this paper. The 
traditional irrigation in the Tajan subproject area on the Caspian coast ofIran has 
resulted in the creation oflarge irrigation water storage ponds locally known lUI 
"ab-bandan". Ab-bandans have evolved into complex man-made and man-
maintained ecosystems which are highly valuable to local residents and to local and· 
migratory wildlife. A plan of management for the complex ecosystems of Ab-
bandans is being developed. 
IRRIGATION IMPROVEMENT PROJECT DESCRIPTION 
Irrigation receives the largest amount of public agricultural investment in the 
developing countries. From 1950 through 1993, seven percent of World Bank 
lending (US$ 3 I billion) has been devoted to irrigation projects (Jones, 1995). 
About 69 percent of Bank lending has gone to Asia, while the other 31 percent has 
been split between Africa, the Americas, and Europe. According to Jones (1995), 
"In the 1950s the Bank approved, on average, one irTigation project 
a year; in the 1960s, four per year; in the 1970s and in the 1980s, 
26; and so far in the 199Os, 15. Average irrigation lending per year 
was $37 million in the 19505, $343 million in the 1960s, $1,120 
million in the 1970s, $1,273 million in the 19809, and $1,032 
million so far in the 199Os." 
More than half of the World Bank's recent lending for irrigation projects has been 
for extensions, rehabilitations, and upgrades of existing systems. 
The Irrigation Improvement Project (lIP) with an estimated cost ofUSS 312 
million is funded jointly by The World Bank and The Government of Iran (GOI). 
lIP includes four subprojects and preparation orall subprojects is well advanced 
and investments will complete and improve existing schemes thus allowing 
relatively quick returns in comparison with other potential subsectoral investments 
in irrigation. GOI is promoting a strategy offull cost recovery for operation and 
maintenance costs and recovery of 40 percent of on-farm development costs. The 
project serves as a vehicle for a dialogue on technical issues and on areas where 
the Bank's experience such as prevention of environmental degradation will be 
used to enhance the governments longer teon irrigation improvement and 
development objectives. 
The overall objectives of the project (The World Bank, 1993) are to: (a) enhance 
water resources management through the rehabilitation and improvement of 
irrigation and drainage systems in four subprojects; (b) upgrade agricultural 
research and extension in the four subprojects in order to raise crop output, farm 
incomes and foreign exchange savings through increased agricultural production; 
and ( c) improve the planning and implementation capacity of sector institutions, 
Environmental Management Plan 
including the Ministries of Agriculture, Energy, and the Department of 
Environment. 
Location. Climate and Soils 
The project with a total area of 107,000 ha and is composed of four subproject 
areas (Figure 1): Behbahan (11,500 ha), Moghan (35,600 ha), Zarrineh Roud 
(36,000 ha), and Tajan (23,900 ha). Climatic conditions in the subproject areas 
vary from semi-arid in the first three subprojects with average annual rainfalls of 
about 300 mm to sub-humid in Tajan with an average annual rainfall of 650 mm. 
Soils in the four areas are of alluvial origin and are deep with textures varying from 
silty loams to clay loarns. Moderate to insignificant slopes in each of the 
subproject areas has led to poor drainage, and improved water management, 
drainage and land leveling activities are supported by the project .. 
Land and Farming 
Before the project, 77 percent of the project area was irrigated, 16 percent was 
rainfed and the remaining 7 percent was marginal land used for grazing or left 
uncultivated, mainly due to salinity and drought problems. In general, land in the 
subproject areas is privately owned and farmed. Plots are small and land 
fragmentation is a problem in some areas. Farmers generally cooperate in 
traditional groups which are valuable asset to the project. Agricultural research 
and extension centers are present at each of the subprojects and Tajan also benefits 
from an additional research center dedicated to research on rice. Levels of 
mechanization differ in each subproject and depends largely on farm size. Farm 
operations are almost totally mechanized at Moghan subproject. In the other 
subprojects, land preparation is generally by tractor or on the small farms by power 
tiller. The most common fertilizer in the project area is urea followed by 
diammonium phosphate. Potassium sulphate and triple super phosphate are used 
in smaller quantities. Pesticide use is widespread with extension services providing 
training in pesticide use and safety. 
The agricultural research stations and service centers are being strengthened 
through the upgrading of existing staff and through the construction of facilities 
and the provision of additional staff, vehicles and specialized equipment. 
Specialized farm machinery would be made available. Strengthening the operation 
and maintenance of all facilities starting from the main to the tertiary system, 
developing farmer participation through users groups, and addressing critical 
environmental issues are being emphasized. The project has provided various 
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Environmental Management Plan 
Irrigation and Drainage Systems 
The existing traditional irrigation systems or partially completed modem ones are 
highly inefficient in using the scarce water resources. Maintenance of irrigation 
and drainage networks needs major improvement. Inadequate water conveyance 
and inefficient on-farm water use have reduced the overall irrigation efficiency to 
20 to 30 percent. As a result, there is not enough water to extend the presently 
irrigated area or to increase yields in the existing areas. Additionally, water 
logging problems in the low lands reduce crop yields and keep significant areas 
pennanently or intennittently uncultivated. All four subproject areas receive their 
primary supply from existing or future water management infrastructure and based 
on available river flows it is expected that irrigation requirements be met at all 
times of the year. A planned overaIJ irrigation efficiency of 50 percent is 
anticipated under the project. 
The irrigation and drainage improvement section of the project includes the 
construction or lining of main, secondary, and tertiary canals and drains. The 
details of irrigation and drainage works are presented in Table 1. The project 
consists of the improvement and upgrading of four existing irrigation and drainage 
systems, serving a total of net irrigable area of about 90,600 ha and the . 
intensification of agricultural services on these 90,600 ha and on an additional 
16,400 ha in Tajan subproject area. Existing main and secondary canals are 
provided with concrete lining and in some areas new canals are being added. Main 
and secondary drains are being improved and expanded to cover all the subproject 
areas. The tertiary systems are being developed selectively using canalletes, 
concrete lined or unlined laterals. and open drains. Selective land leveling and 
subsurface drainage with the emphasis on water management at the tertiary and 
farm levels are included in the on farm development section of the project. 
Environment 
The environment component of lIP consists of: 0) the strengthening of the 
environmental management capacity of Ministries of Agriculture and Energy and 
Department of Environment and their provincial offices through specialized 
training programs and the provision of equipment; (Ii) the development of 
agricultural chemical management programs (mcluding integrated pest 
management) and model surface and groundwater monitoring programs for each 
subproject; (Iii) erosion control programs for canal banks in Moghan and river 
channels in Tajan, (iv) an archaeological site survey in Behbahan; (v) special 
environmental management studies of the Shadegan Marshes Protected Area in 
Behbahan subproject area, Lake Orumiyeh National Park in Zarrineh Roud 
subproject area, "ab-bandan" man-made ecosystems in the Tajan subproject area; 
and (vi) fishery resources ofBehbahan and Tajan subprojects. 
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Table I • Irrigation and Drainage Works and On·Farm Development by Subproject 
(World Bank, 1993). 
Behbahan Subsurface drainage on 3,300 ha; land leveling on 8,000 ha; 
and soil amendment on 1,700 ha. 
Moghan Concrete lining (I7.5 Ian) and slope stabilization (60 Ian) on 
the main canal; concrete lining on secondaryQl18Js (21,000 
hal; the construction of tertiary canals and drains (27,400 hal; 
a pumping station for the reuse of drainage return flows; 
subsurface drainage (11,000 ha); and land leveling (4,500 ha). 
Zarrineh Roud Concrete lining of the main canals (97 Ian); the extension and 
lining of the left main canal (17 Ian); construction of the lined 
secondary canals and surface drains (24,800 ha); a tertiary 
irrigation and drainage system (36,000 hal; subsurface 
drainage (7,500 ha); land leveling (4,500 ha); and two 
irrigation lift stations and one drainage pumping station. 
Tajan The construction of the lined main canal (35 Ian), the main 
drain (22 Ian), and secondary and tertiary canals and drains 
(7,500 ha). 
TAJAN SUBPROJECT 
Water ResourceS Development 
The Irrigation Improvement Project is part of several large water resources 
development projects in Iran. In the Tajan subproject area the water resources 
project, extending from the Caspian Sea in the north to the Alborz Mountains in 
the south, includes watershed management, a storage dam, a diversion dam, 
irrigation development, urban and industrial water supply, electricity generation. 
The upper reaches of the Tajan is regulated by the storage dam and a watershed 
management plan for the area above the storage dam is under development. The 
construction of the reservoir dam has been completed recently. It is a 133 m high 
double curved concrete dam built on Tajan River about 40 Ian south of city of Sari 
(Figure 2). Its reservoir can hold up to 192 million cubic meters and can cause a 
regulated flow of 316 million cubic meters in the Tajan River. The diversion dam 
was built in 1995 for regulating Tajan River flow to the Tajan plain farm lands. It 
is located in Sari and has a length of264 m and 18 outlet gates (Figure 2). The 
irrigation network consists of two main canals that extend to left and right sides of 
the Tajan River. Several subsidiary canals branch off these two main canals and 
extend to the fann lands. 
Environmental Management Plan 
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Figure 2 - Tajan SUbproject. 
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The water resources project ofTajan is located in the eastern and western banks of 
Tajan River in an area of about 3500 square Jan in two upper and lower sections. 
The upper section. south of the provincial railway, is part of the Tajan basin on the 
northern slopes of the Alborz Mountains and extends from the reservoir dam to the 
city of Sari. This section with an area of about 2750 square Jan is the middle 
Tajan River basin and encompasses the eastern and western banks of the Tajan 
River. The middle Tajan River basin includes vast irrigated farming, main part of 
dry farming. major river sand and gravel exploitation. and pulp and paper and dairy 
industries. The lower section with an area of about 700 square Jan extends from 
the City of Sari to the Caspian Sea. The Ab-bandan ecosystems are located in the 
lower section on the left and right banks of the Tajan River. 
Ab-bandans 
Most of the irrigated farm lands are on the left bank and the rainfed lands are 
mostly on the right bank ofTajan River. Accordingly, the left bank ofTajan River 
with an area of about 40,000 hectares contains 78 Ab-bandans, and the right bank 
with an area of about 30,000 hectares contains 31 Ab-bandans. The Ab-bandans 
in the left and right banks cover about 3515 and 800 hectares, respectively. Ab-
bandans have been developed mostly on lands with no direct water rights to Tajan 
River. More than 340,000 migratory birds come annually to Ab-bandans ofTajan 
plain for feeding. breeding. wintering. and nesting. 
There are 649 pieces of developed Ab-bandans, with a total pond area of about 
15,000 hectares, in the western and central regions of the province of 
Mazandaran. in the southern shores of Caspian Sea. Tajan plain contains 109 
pieces of these Ab-bandans and they cover an area of about 4,300 hectares and 
annually reserve about 65 million cubic meters of water. Ab-bandans vary in size, 
with the smallest and largest in Tajan area having surface areas of 1 ha and 382 ha, 
respectively (Khazar-Ab, 1997). While Tajan River provides the largest quantity 
of water to the Ab-bandans, rainfall, irrigation return flows or drainage water, and 
two nearby rivers contribute to the water stored in the Ab-bandans. 
TajanRiver 
In addition to being the most important source of agricultural water of the area. 
the Tajan River is the best habitat of migratory fish including sturgeons. The river 
originates in the Alborz mountains and after a flowing through 170 Jan of 
mountainous and flat areas terminates in Caspian Sea. Tajan River with an annual 
flow of527 million cubic meter and water quality class ofC2S1 is one of the most 
important habitats of various endemic and migratory fish among more than 90 
rivers ofMazandaran province in southeastern coast of Caspian Sea. 
Environmental Management Plan 
The city of Sari, which does not have a municipal wastewater collection and 
treatment system, is immediately upstream of the diversion dam. Additionally, 
more than 20 nearby villages discharge their untreated wastewater to the Tajan 
River. Wastewater from a thermal mechanical paper plant and a milk plant is 
discharged up gradient from the diversion dam. Water quality of the Tajan River is 
also affected by cultivation to the edge of the river and sand and gravel extraction . 
operations. 
Impacts of the Irrigation Improvement Project - Tajan SubprQject 
The implementation of the Irrigation Improvement Project in Tajan region was 
expected to have the following positive impacts: 
(i) improved management of irrigated agriculture in a region with extensive 
irrigated agriculture, 
(ii) improved water use efficiency, and 
(iii) improved drainage with a reduction in water logging and salinization 
risk in an extensive portion of the subproject area. 
It was anticipated that the project may increase the potential for some negative 
impacts if mitigation measures were not included as integral project activities. 
Converting 7,500 hectares ofrainfed agricultural land to an irrigated agricultural 
system without improvement in the existing management of agricultural chemicals 
would result in adverse environmental impacts. The project accomplishment may 
be influenced by the adverse impacts resulting from the periodic contamination of 
the irrigation water supply by the upstream discharge of wastewater and excessive 
sedimentation behind the diversion dam and in the canal system by sediment 
generated in the mid-Tajan River Basin which are beyond the scope of the project. 
Risk of prevention of passage of migratory fish through the diversion dam and its 
fish ladder and outlet gates; and entrance of migratory fish into the irrigation canal 
system constitute another possible adverse impact. Also the invaluable Ab-
bandans may be developed into farmlands or their surface area may be decreased 
subsequent to the installation of the irrigation system. 
Several mitigation actions are undertaken to reduce the adverse impacts of the 
project and the risks that may negatively influence the project achievements. The 
mitigation actions include: (i) an Agricultural Chemical Management Program. (ii) 
a Water Quality Monitoring Program with emphasis on the monitoring of upstream 
wastewater discharges and discharges from the drains to marine environment, and 
(iii) a management program for the Middle Tajan River Basin to establish a river 
zoning system to support land use decisions, development of a riverside "set-back" 
system to reduce bank erosion, pilot riverside afforestation program, and an 
evaluation of actions which can be taken to reduce excessive sediment generation 
and stream bank damage from the extensive sand and gravel excavation and 
washing operations. 
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ENVIRONMENTAL MANAGEMENT PLAN ACTMTIES IN TAJAN 
The Environmental Management Plan in Tajan includes implementation of (i) surface 
and groundwater quality monitoring, (ii) strengthening of institutional and personnel 
capacities for addressing environmental issues of the project, and (ill) development of 
an agricultural chemicals management program. 
The project supports many institutional and personnel strengthening activities 
concerned with environmental management issues at the national and subproject 
levels. Training of personnel was to be conducted through international training, in-
country training, and "train the trainer" programs. The project has provision for 
training for personnel from the Department of Environment at subproject level in 
environmental management, preparation of environmental assessment, environmental 
monitoring and in the development of work. plans. The project also provides office 
equipment, computers, reference materials, vehicles, and support for the construction 
of field tacilities 
In Tajan two special studies are focused on addressing long-term environmental 
management issues related to the development of irrigated agriculture. These studies 
include: 
(a) Management Plan for the man-made" Ab-Bandan" Ecosystems, and 
(b) Tajan River Migratory Fish Management Plan. 
Surface Water and Groundwater Dualitv Monitoring Programs 
Improved water quality and quantity management is being implemented to improve 
the present water use whim has an efficiency of3001o and results in wastage of water, 
water logging and salinization. The water management issues are addressed through 
increased user fees for water to promote conservation and efficient use, rehabilitation 
of irrigation and drainage systems to provide water in a timely manner and reduce 
seepage from canals, improving the capacity of farmers for efficient water 
management through on-farm programs. A surface and groundwater monitoring 
program has been developed for collection, analysis and interpretation of data to 
support the operation ofthe irrigation system, protection of domestic water supplies, 
and the conservation of natural habitats, fish and wildlife populations. The 
development of monitoring program is being coordinated with on-going water quality 
data collection programs. 
Loca1 authorities routinely monitor surface and groundwater quality by collecting 
infonnation on parameters related to water quality requirements for irrigated 
agriculture (cations and anions) and bacteriological and chemical aspects of water 
quality related to the safety of drinking water supplies. Prior to the project, however, 
there was no program for collection, analysis, and use of water quality monitoring 
data for the management of this irrigation project. Water quality in Tajan area is 
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variable with better quality obtained during irrigation season and lower quality 
occurring following the irrigation period. The quality of surface water is effected by 
fertilizers which along with low flows and inadequate channel maintenance practices 
results in growth of algae and reeds in the systems. Transport of fertilizers and 
pesticides into the local aquifer, drainage from farm lands, and seepage in the canals 
greatly influence groundwater quality. Monitoring of several significant parameters 
at representative locations such as key points within irrigation and drainage network, 
major domestic water supply intakes, and municipal and industrial wastewater 
discharge points has been included in the surface/groundwater monitoring programs. 
Agricultural Chemicals Management Programs 
Agricultural chemicals, including fertilizers and pesticides, due to their subsidized low 
price are not utilized appropriately. Private fanners and state farms may use up to 
twice the recommended amounts of pesticides and fertilizers. The extent of negative 
impact of these practices on surface water, groundwater, soil quality, human health, 
and wildlife is not known. An agricultural chemical management program has been 
developed for improved management and reduced use of chemicals. The program is 
supporting application of alternative means of crop fertilization and crop protection 
including integrated pest management. 
Migratorv Fish Management Plan for Tajan River 
A management plan has been prepared and will be implemented to revitalize the 
fishery resources of the Tajan River following completion of the diversion dam 
which includes a fish ladder and the establishment of a backwater pond of a 
sufficient depth to allow migratory fish to go upstream of the diversion dam. This 
management plan includes the development of information concerning anadromous 
and catadromous fishes traditionally found in the river including caviar sturgeon 
and trout; an ecological analysis of the Tajan River and monitoring of the fish 
ladder particularly during periods of low flow and migration. Support is being 
provided for strengthening the monitoring program of the Fisheries Research 
Center of the province through staff training, consultancy support, and 
procurement of specialized equipment. 
Development of Management Plan for the Man-Made Ab-bandans Ecosystems 
As a result of the traditional spate irrigation practices in the irrigated areas of the 
Caspian coast of Iran and in particular in the Tajan subproject many large irrigation 
water storage ponds have been constructed. These storage ponds are locally 
known as "Ab-bandan" or water holders. Over the years, Ab-bandans have 
evolved into complex man-made and man-maintained ecosystems with a high 
economic value to local residents and as a habitat for local and migratory wildlife, 
specially waterfowl. Ab-bandans are important for irrigation water control, 
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production offish, hunting of birds, rental to the local Department of Environment 
for bird protection, harvesting of reeds, and recreational use. These ecosystems 
are collectively owned and lJlIUl88ed by groups of families, with sometimes over 
250 families involved. It is a complex task to manage the dynamic and important 
ecosystems of Ab-bandans. 
A special study is supported by the DP project to develop practical approach for 
the management of the Ab-bandans by their collective owners with the support of 
the local Department of Environment. The Ab-bandan management plan includes: 
an inventory of the ab-bandans with information on their size, physical status, 
irrigated command areas and ownership; a detailed inventory of the birds wintering 
on the Ab-bandans; development of topology and mapping of Ab-bandans in 
regard to their ecological roles and conditions, type of bird feeding grounds, and 
socioeconomic uses by fanners; and evaluation of costs of different management 
options. In coordination with local government offices, the Department of 
Environment will implement the management plan by reaching agreements with the 
owners of Ab-bandans for their rental and monitoring their use by birds and their 
modifications as part of their management. 
PROGRESS TO DATE - TAJAN ENVIRONMENTAL MANAGEMENT 
The project due for completion by the end of 200 1 was initially beset by a number 
of delays which have affeCted nearly all aspects of the project. With respect to the 
projects civil works, in the main these have recovered and are now proceeding well 
although attention to the on-going needs for operation and maintenance of the 
works, critical for the longevity of the project objectives, is only beginning to be 
the focus of project management. 
The reasons for these initial delays are complex. World Bank operations in Iran 
have been limited and experience in the implementation of complex projects in a 
partnership with the Bank. and GOI was not well established at the outset of the 
project. This was evidenced for example by delays in basic procurement 
procedures including the provision of necessary budget resources in a timely 
manner consistent with the project schedule, delays in consultant selection and 
tendering and to some extent were all result of differing requirements of the Bank 
and the GOI. These issues took time to resolve. The project management designed 
for the project, involving the establishment of two Liaison Offices for the two 
sectoral Ministries (Agriculture and Energy) has ultimately been successful but in 
the light of project experience should be reexamined for future activities. 
With respect to the environmental activities a complex set of factors has emerged. 
Technical issues within the Iranian institutional context took time to resolve. These 
included acceptance of Terms of Reference for the relevant studies and dealing 
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with a limited private environmental consulting sector in Iran. The sectoral 
Ministries, more accustomed to the delivery of high quality mainstream 
engineering and agricultural development activities, took time to absorb the project 
objectives with respect to relatively innovative environmental management 
practice. 
Albeit late in the project, most environmental aspects with respect to Tajan are 
producing or are likely to produce impacts on the ground and a legacy for the 
future. To date it is premature to attempt to quantifY these impacts, but a number 
of outcomes can be indicated at this stage. These include: 
(a) institutionalisation of surface and ground water and agriculture chemical 
monitoring programs with the possible establishment of an inter-ministerial 
committee on residues, norms and monitoring 
(b) at least in the pilot areas, increased environmenta1 awareness, health and safety 
issues pertinent to agrocbemical usage enforced by clear demonstrations of 
increased yields while decreasing chemical usage with biological control 
(c) completion of the Tajan Ab-bandan and Middle River Basin studies which will 
likely resuh in considerable implementation activities in the next 18 months. As 
such a number of ab-bandans will be afforded management with a primary focus 
for conservation alone, while others will maximize opportunities for sustainable 
use with the benefits directly flowing to the traditional owners. The Middle River 
Basin studies, in terms of implementation, are more complex. Priority programs 
such as afforestation and development set backs will only be initiated in the 
remaining project period. 
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ORGANIZATIONAL REQUISITES OF SUCCESSFUL IRRIGATION SYSTEM 
REHABllJTATION: CASES FROM NEPAL 
David M. Freeman' 
ABSTRACT 
This paper describes two irrigation systems in Nepal that have undergone 
rehabilitation - Sirsia-Dudhaura and Bangeri. The experience of farmer-irrigators 
and their interaction with authorities of the Department of Irrigation is compared 
and analyzed according to criteria drawn from the literature of common property 
resource and collective goods theory. The analysis specifies organizational 
attributes hypothesized to make for successful and sustainable irrigation system 
rehabilitation, compares the two cases with regard to them, and notes 
implications. Bangeri is found to have much greater success with its 
rehabilitation than Sursia-Dudhaura, and the Bangeri irrigation community also 
possesses the organizational attributes advanced as important to effective local 
organization whereas Sursia-Dudhaura does not. The operation oflocal 
organizations are a most critical part of any canal rehabilitation. 
INTRODUCTION 
What kind of local organizations effectively mobilize local people--their 
knowledge, material resources, and loyalty--and empower them to sponsor and 
sustain rehabilitated irrigation works as partners with central state irrigation 
bureaucracies? What kind of organizations provide vehicles for meaningful 
participation in irrigation development, and also constitute viable links between 
central government ministries and local social-ecological niches in the 
countryside? What attributes do effective local irrigation organizations have that 
distinguish them from organizations which can be expected to fail in these 
respects? 
It is the purpose of this paper to address these questions employing lessons 
learned from the study oflocal irrigation organizations (Freeman, 1989); most 
specifically, the ideas will be illustrated by materials drawn from a comparison of 
'Professor, Department of Sociology, Colorado State University, Fort 
Collins, CO 80523 
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two irrigation systems in Nepal'. 
THEORY 
Importance ofl.ocal Organization 
A tradition ofinquiry has emerged (Bromley, 1992; Cemea, 1985; Freeman, 1989; 
Korten and Alfonso, 1983; Lam, 1998; Montgomery, 1974; Ostrom, 1990; 
Ostrom, Gardener, and Walker, 1994; and Tang, 1992), representatives of which 
have contended that local quasi-public non-governmental organizations are 
essential to any vision of productive, equitable, socially and ecologically 
sustainable democratic development This is so because properly-designed and 
managed local organizations: 
1. Are uniquely able to administer centrally supplied resources (e.g., money, 
canal water, etc.) to specific needs in particular socia-ecological niches. 
2. Unite the general knowledge of central tendencies across large 
administrative units, commanded by occupants of central ministries, with the local 
knowledge of site-specific particulars that associates with local citizens. 
3. Provide a form of social organization that insures that, in some "fair share" 
way, all prospective beneficiaries contribute to provide the collective good or 
common property resource, that each contribution be matched by a "fair share" 
contribution from each other member, and that, in return, members in good 
standing receive a "fair share" portion of the benefit stream(s). Attributes of 
public goods and common property resources have been discussed in a well 
developed literature (Olson, 1965; Mueller, 1979; Frohock, 1989; Ostrom, 1990: 
29-5Sl Social organizations defeat "free riding" and make possible the provision 
2This paper draws heavily for its case material from my report to His 
Majesties' Government of Nepal (Freeman, 1992). 
7he terms, "collective good" and "common property resource" represent 
closely related, but distinguishable, concepts. Whereas a private good produces 
benefits which can be captured by the investor-owner, a public or collective good 
is one which an investor cannot capture any greater share of the benefit than can a 
non-investor (non-excludability), and consumption of some portion of the benefit 
does not reduce the portion available for another party (non-rivalness of 
consumption). Examples would include street-lighting, flood control projects, 
national defense, smoke abatement in an airshed. A common property resource is 
taken to be one in which the criterion of excludability is fulfilled for some easily 
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and operation of a canal network. 
4. Provide viable arenas for meaningful citizen democratic participation. 
Citizens practice democracy as members, leaders, and employees of appropriately 
designed local organizations, implementing public and quasi-public organizational 
business in ways responsive to agendas of state ministries and local citizen-
members. 
To examine the argument more closely, the discussion now turns to the world of 
irrigated agriculture. 
Organizing For Water Control 
Irrigation water, to be productive, must be controlled. It must arrive at the crop 
root-zone in the proper amount and at the required time to fulfill crop 
consumptive needs and soil leaching requirements. Water coming too soon, too 
late, too much, or too little relative to crop and soil requirements is oflow, or even 
negative, value. Irrigation water control, in tum, is dependent upon the quality of 
irrigation organization (Freeman, 1989). If water gets to the plant root zone at the 
proper time, and in the proper amount, it is because people have organized 
collectively to perform tasks beyond the capacity of individuals, and beyond the 
scope of private consumer markets. Individuals can enter marketplaces to buy 
private goods such as seeds, fertilizers, and farm implements, but no farmer 
anywhere in the world can order up a quantity of water control in the local shop, 
place it in a cart, and take it back to the farm. Water control is provided only by 
effective farmer organization linked to upstream central supply bureaucracies and 
downstream member irrigators who represent water demand. 
Characteristics of Effective Local Water Organizations 
What are the characteristics which define effective local water user organizations 
(WUO's) which make it possible for citizen-members to democratically and 
equitably provide water control for agricultural productivity? Researchers have 
been investigating the question of what constitutes WUO effectiveness in many 
cultures for years, and debates about issues continue (cf. Maass and Anderson, 
1986; Freeman, 1989; Lam, 1998; Ostrom, 1990; Ostrom, Schroeder, and Wynne, 
1993, Tang, 1992). On the basis ofliterature review and empirical field research 
defined "outsiders" but is not fulfilled for "insiders" in a resource consuming 
community. Furthermore, there is considerable rivalness of consumption-i.e., 
water applied to the field offarmer X, is not available to farmer Y. Yet, in 
common property resources there must be joint action to provide, and divide, the 
resource if the resource stream is to be sustained (See Ostrom, 1990; 30-33). 
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(Freeman, 1989: 24-59), I assert that a few variables are strategic--i.e., small 
changes in them may have large consequences in effectiveness of local 
organization. The strategic variables and their relationships are depicted in Figure 
1 and are synthesized as follows: 
/ 
Figure 1. Strategic Variables in Organizational Analysis 
1. What kind of people will lead the local WUO by virtue of their 
election/appointment to membership on the governing board, council, or irrigation 
committee, and what kind of people must be hired by that representative body of 
the irrigators to do the daily staff work of the organization? The answer is clear 
'and has two aspects: 
a. It is important (Freeman, 1989:26-27) that members of the local 
organizational board be local citizen-irrigators who are elected in democratic ways 
representing various reaches of the local canal system. The rejected option is to 
fill leadership and staff positions with "cosmopolitans" who are employed on 
national or 'regional labor markets far exceeding the scope of the local community, 
placed on the payrolls of central ministries, and who are appointed by higher 
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authority to the local organization for specified periods of time--usually in two or 
four year rotations. 
b. Leaders and staff must be fully accountable to the local 
organization member-irrigators as distinguished from looking upward to the 
central bureaucracy for definitions of success and failure. This is so because 
central bureaucracy staff, however well trained in various disciplines relevant to 
irrigation and however well intentioned, will virtually never develop: I) the 
required site-specific local knowledge to operate the share system effectively; 2) 
the local social capital necessary to deal with the innumerable local conflicts and 
problems that must be dealt with by irrigators who spend their lifetime in the local 
community. The educated cosmopolitan outsider who serves in district, 
provincial, or national offices has an important role to play, but that role is not on 
the irrigation committee or staff of the local WUO. WUO's must provide a 
protected social space where farmers in possession of detailed local knowledge 
can administer their water share distributional systems, knowing they will bear the 
consequences of their decisions in terms of both cost and benefit. 
2. At the very heart of any effective W A is a functioning water share 
distribution system (Freeman, 1989:27-33) (See Figures 1 and 2). For farmers in 
successful water cultures around the world, the idea of a water share 
organizational agreement is two sided: a share confers upon each member of the 
irrigation community a legitimate access to water within the arranged rules and 
tools; and it confers an obligation to contribute an agreed upon "fair share" of the 
costs of managing water in the system. The concept of a water share distribution 
system unites two essential aspects of organizational operations - resource 
I. Distributional Shares Involve: 
A. A right to a proportion of benefit - e.g. water 
B. An assessment obligation to pay costs of organizationaf 











III. Members vote their shares in conduct of organizatiOnal business. 
A. Member X - owns 9 shares out of 100; votes 9 shares. 
B. Member Y - owns 7 shares out of 100; votes 7 shares. 
Figure 2. Concept of Distributional Share 
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acquisition for operations and maintenance and water allocation along the canals; 
and delivery of a stream of organizational benefits such as water under control. 
The specifics of water share arrangements may vary considerably from locale to 
locale (Freeman, 1989: 27-28), but three considerations are always important in 
successful WUO's: 
a. Does getting the water service to the field depend directly upon the 
irrigator paying his/her share of the local system management cost, or is water 
delivery divorced from fulfillment of the irrigator's cost obligations? Where 
payment and dividend are tightly connected, it is possible for farmers to 
successfully organize. Where payment and delivery of the benefit are divorced, 
farmers will not pay, local resources will not be mobilized, management will 
suffer, and water control will be diminished to unacceptable levels for many 
organizational members. 
b. Are water volumes received roughly proportionate to shares of 
system costs paid? This is essential to equity. Farmers will not be willing to give 
loyalty to systems, and be supportive of democratic procedures, where at least 
rough equity is not served--i.e. where members receive benefit streams 
disproportionate to their investment in the organization. 
c. Does the quality and quantity of organizational service depend on 
position in the membership queue? As irrigation water flows from head to tail 
positions, irrigators farther downstream are more wlnerable to water losses due to 
leaks, seepage, evaporation, non-routine breakdowns, and the self interested 
manipUlations of upstream irrigators. Head-tail issues become divisive if the 
share system allows inequitable advantage for head irrigators, since head irrigators 
are uninterested in investing their resources on behalf of those less well located. 
However, it is possible to organize the head-tail distinction out of the irrigation 
conununity by creating an interest conunon to all users. This can be achieved by 
measuring water volume delivered to the field gate. If water is distributed by 
volume, "head" farmers will feel the pinch of poorly perfonning canals (which 
take longer to deliver to the tails) because heads cannot obtain their next delivery 
until tails are served. Thus all farmers become interested in reducing the loss or 
"shrink" of poorly performing canals. By organizing the flow of benefits and 
losses so that all members, regardless of position in the dividend queue, will share 
equally in the system, an organizational life of much higher quality is achieved 
that provides a basis for general membership loyalty and active democratic 
participation. 
3. What do irrigators do when they organize? They collectively organize a 
board or council which employs staff to operate and maintain the water share 
distribution system. Operation and management means exactly this. If members 
do not have a workable share system, they may constitute a pressure group to 
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obtain funds from a higher agency but they cannot be an irrigation organization 
because they then have no appropriate rules and tools for controlling and dividing 
water. What does the irrigation board or council discuss? It discusses the share 
system and how to keep it implemented in day-to-day operations. What is 
maintenance all about? It is about how to do what must be done to keep the shan: 
system operative. Maintenance activity, divorced from a.viable share system, has 
no justification. Maintenance of facilities is hard work, costs money, and is of no 
intrinsic interest to citizen-farmers unless a viable share system assures a payoff--
in this case, water under acceptable control. How about conflict resolution and 
management? Conflicts emerge out of problems with the share system and are 
resolved by getting the share system to work on behalf of the farmers. Conflicts 
among irrigators can only be resolved in terms of rewarding those who support the 
share system, punishing those who violate it (by local leadership/membership 
denying the offender her-his share of the benefit stream), or possibly reforming 
share system defects so that it no longer generates grievances. 
In summary, heart of a water users' organization is its share distribution system, 
and all important organizational activities center upon it. Small changes in the 
water share distributional system have big consequences for irrigation water 
control, productivity, and equity, and willingness to democratically participate. 
When water is effectively controlled through a viable share system, it makes for 
effective organizations which earn the support of members, and in tum makes 
possible participation in a civic democratic community. 
Viewed in this light, one now sees how effective WUO's become the centerpiece 
of disciplined and productive farmer participation, democratization, 
accountability, productivity, and social equity. 
CASES 
The discussion now turns to specific cases of local Water user organizations 
(WUO's) observed in Nepal. The purpose is to take the abstract concepts 
discussed above to the world of Nepali irrigation. One system - the Sirsia-
Dudhaura - has good potential but does not have the organizational attributes 
necessary to make it an effective vehicle for democratic social development. The 
second system - the Bangeri - has been successfully functioning nearby for three 
generations. Observation reveals that the Bangeri has the attributes of a 
successful organization as outlined above. 
Total irrigated area in Nepal is estimated to amount to about 1,000,000 hectares. 
This represents about 38% of the cultivated area of the nation (Rana, 1989: 6). 
The Government of Nepal Department of Irrigation (DOl) accepts responsibility 
for administering roughly 300,000 hec~ of irrigated land in Nepal, of which 
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about 260,000 hectares are in agency assisted joint-managed systems such as 
Sirsia-Dudhaura. Farmer managed systems such as Bangeri amount to about 
700,000 ha. 
Sirsia-Dudhaura - Failure in Organizational Design 
This irrigation system has been the subject of much investigation, policy 
discussion, and USAIDI DOl investment No attempt will be made here to give a 
full physical, agronomic, or organizational description of the system; that has been 
done by others (Laitos, et. aI, 1985). Suffice to say that Sirsia-Dudhaura is one of 
the older government managed systems in Nepal as DOl constructed the original 
headworks, one main and five branch canals with USAID assistance between 
1953 and 1957. A high quality government-installed pucca .headgatej diverts 
water from the Sirsia River to the main canal, then the flow is to two channels at 
Tajpur, and on to three branch canals at a trifurcation structure (See map, Figure 
3). The Sirsia portion of the system was originally designed to command 1,400 
ha. (Laitos, et al., 1985:11) and it came to incorporate an already existing 
f 
Source: ·Laitos, et aI., p. 3 
Figure 3. The Sirsia Irrigation System 
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Dudhaura system irrigating about 650 ha. fed by flows from the Dudhaura River. 
The water allocation system is to rotate water from head to tail ofthe main canal 
and five secondary channels. In the Sirsia portion of the system, groundwater use 
was reported to be insignificant. 
After initial construction, the system rapidly deteriorated and remained in an 
advanced state of deterioration for years. In 1984, an interdisciplinary team funded 
by USAID, working with the DOl and farmers, conducted a diagnostic analysis 
(Laitos, et aI., 1985). A subsequent rehabilitation effort during 1986-88 improved 
the physical works and organized farmers at three levels: a) sub-block units (4-5 
ha.); b) block units (20-50 ha.); and c) at the system level. Farmer infonnants 
expressed satisfaction that the Irrigation Management Project got them involved; 
they reported that farmer involvement in this work was highly valued by many 
farmers. 
During kharif(sununer), crops center on early and late varieties of rice. During 
rabi (winter) season, farmers focus on wheat, potatoes, maize, mustard, and 
oilseeds. Sugarcane grows over the course of both kharif and rabi seasons; given 
the lack of water, larger farmers are reported to plant sugarcane as insurance 
against drought during rabi given that even 10-20% of potential yield promises 
sufficient cash to be worth the investment. Informants reported that so many 
farmers have gone to sugarcane as drought insurance, that local sugarcane mills in 
the area were operating well over 8 months per year even though they were 
designed to operate only about 3 months per year. In an especially good year, a 
farmer can grow early rice, late rice, and rabi wheat. Cropping intensities are 
generally high (reportedly about 250%) but much land is planted in lower value 
drought resistant crops during rabi due to the generally insufficient water supply. 
Farmers and other informants reported that yields diminish as one moves from the 
head to the tails of the system. All of these factors suggest that water control is 
seriously problematic in this irrigation system. 
Administratively, Sirsia-Dudhaura is under the jurisdiction ofthe DOl. The 
District Officer is charged to render technical assistance to privately managed 
systems in the district. to conduct programs of "river training" (erosion and flood 
control), to manage district tube-wells, and to manage irrigation water flows in the 
main and secondary canals of the Sirsia-Dudhaura system. He is assisted by two 
engineers, one of whom is given responsibility for Sirsia-Dudhaura, one Overseer, 
a number ofDhalpas (gatekeepers), and a Chowkidar (headgate watchman), all 
hired by DOl, and paid out of the District Office budget. 
How does the system work? Toli (Block) Committees, supposedly working 
collaboratively with the DOl Engineer, Overseer, and Gatekeepers, decide upon a 
rotation system to allocate water among the five secondary canals that will serve 
crop needs in the system. During kharif, if the rains are good and continuous, 
41 
42 Irrigation and Drainage in the New Millennium 
there is relatively little stress on the allocation system. However, when monsoon 
rains are sparse and crop consumptive demand great, much demand for water 
comes on the system and there is no other allocation method than just to run water 
in each secondary canal for 4-5 days at a time, then rotate to the next canal or two 
for a similar period. How many secondary canals can be on at once depends on . 
the river flow at the headgate. Most often the 4-5 day flow period in secondary 
canals is not sufficient to satisfy demand in either kharif or rabi. Most often it is 
not. Demand from lower distributaries necessitates a cut-off of water leaving 
middle and tail farmers without water. Later, on the next general rotation, block 
committees will try to start the flow of water to the tertiary canals at the point 
where it had to be stopped many days earlier on the prior rotation. What ifhead 
farmers jump in and take water before it gets to those downstream? It happens. 
Toli committees try to put social pressure on those who abuse up-stream positions 
to extend their turns, but there is no effective share distribution system to insure 
equity. Some farmers, in middle and tail locations who are politically weak, have 
not had water for many seasons and are struggling to improve this situation. 
Technically, farmers are charged for water without regard for volume received or 
the timing of the delivery. In fact, virtually no farmer has paid the irrigation fee 
for at least 5-6 years preceding this author's visit. 
There are many water measurement structures situated at appropriate places in the 
canal network. But there is no clear share system to guide th!lir use; virtually 
nobody takes the trouble to make measurements. After all, why should they? 
Without a sense that a given specific quantity, or proportion, of water flow must 
be delivered to any given point in the canal network, there is little reason to go 
about the business of measurement. Within the memory of the informants neither 
farmer nor official has made an attempt to compute river flow at the headgate staff 
gauge. 
What about farmer relationships with DOl? Farmer informants agreed that the 
most important problem is lack of communication and coordination between 
farmer leaders at the system level and DOl personnel. Farmers spoke frankly, 
clearly, and with good will, but they clearly indicated dissatisfaction with DOl 
management on several counts. 
The agency, in the view of most farmers, grossly mismanages resources. It spends 
far too much money on cars, fuel, badly designed and constructed equipment, and 
"experts" like me. DOl pays Rs 1,050/month to the headgate watchman and built 
him a quality pucca ,)louse at the headgate site. Yet, he is never around. Even if 
he stayed on the site, it is not clear that he could do anything really worth doing. 
It is a small thing to complain about given all the bigger waste, but it irritates 
farmers when they see this kind of fund mismanagement. 
DOl provides nothing of value on a day-to-day Operation and Management 
Organizational Requisites 
(O&M) basis. Anything worth doing is done by the fanners themselves. The DOl 
engineer assigned responsibility for Sirsia-Dudhaura is housed at the Rice 
Research Institute near the headworks, but he does nothing. What can he do? It is 
unclear what his job description is or should be. 
DOl is guilty of lack of "transparency." The govermnent agents expect the 
farmers to keep their records and activities open for review, but they do not let 
farmers review govermnent records and operations. Fanners are insulted by this. 
Control over funds is a source of conflict. There was much that the farmers 
wished to communicate to me about this but I failed to grasp all of the aspects of 
this problem. Much was lost in the translation. Fanners made it clear that they 
think they should have full control of any funds due to them. 
The agency, fanner-informants unanimously reported, has no real respect for 
fanners or fanner leaders. In the informants' view, DOl wants "dummy" leaders 
who will be quiet, compliant, and continue the pretense that things are going 
along in an acceptable fashion. Real leaders speaking honestly about problems 
are not welcome and their election to positions of W A authority are resisted by the 
DOl. Fanners and their leaders are angered by this. One said: "The agency comes 
into our territory and does things to us without our permission. They are like a 
hunter who expects the animal to assist the hunter by helping to steady the gun 
which is pointed at the hunted. II 
Sirsia-Dudhaura - An Analysis 
The Sirsia-Dudhaura system exhibits problems that are found in many irrigation 
systems in other countries. It was designed to be constructed, but was not 
designed to be operated and maintained. Water and money can flow through the 
system if available from sources above the headworks, but it is not a system which 
can do proper irrigation-i.e., it cannot control water to serve consumptive need of 
crops in a way which serves productivity, social equity, or democracy. 
The problem is not deficiency of the individual fanners or DOl personnel. They 
are people of competence and good will who are trying to deal with difficult 
circumstances as best they can. Problems are: 
1. There is no viable water share distributional system worked out which can 
reconcile supply at the headgate with crop demand. Also a viable share system 
will specify the details of operations and maintenance which must be 
accomplished. If it can l>e agreed that a given fraction of available flows at the 
headgate must be distributed to particular points then operations and maintenance 
begins to take on real meaning. Specifically: 
a. There is no compelling connection between payment of water 
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management charges and delivery of water at the farm gate. 
b. There is no effective way of making payment contributions 
proportional to water payouts. 
c. The head-tail distinction is re-enforced, not removed. 
2. Without organization of viable rules and tools for operating and 
maintaining functioning water share system, it is impossible to define meaningful 
organizational job roles either for farmer leaders or DOl people. 
3. Expecting cosmopolitan District DOl staff who rotate in and out of the 
irrigation area every few years and who are paid by, and responsible to, authorities 
above them for definitions of good and bad work, who are therefore not 
fundamentally accountable to farmers, all compounds the difficulty caused by the 
lack of an effective water share distribution system. 
a. What exactly should district staff do? Nobody knows because 
there is only a badly broken share system being implemented and that is being 
done as best farmers can. There are no real daily O&M jobs that district staff can 
do. 
b. Given the above it is not surprising that there is no real 
communication or coordination between DOl staff and farmers. 
4. It is, therefore, not surprising that: 
a. Many farmers in the middle and tail reaches are farming in 
virtually dryland conditions and are thereby forgoing increased production of 
higher yielding and more valuable crops. Production, welfare, social equity, and 
the practice of democracy are being unnecessarily sacrificed on this system. 
b. Lack of effective daily O&M means frequent calls for non-routine 
and expensive rehabilitation to be funded by the central treasury. 
c. Farmers are effectively organized to demand expensive and scarce 
capital resources to substitute for their own funds and potentially abundant labor--
farmer resources which will not be delivered by the inadequate organization now 
in phice. Farmer labor and capital will be forthcoming when improved 
organizational arrangements provide assurance that they will result in a real payoff 
meaningful to them--improved water supply and control. 
d. Farmers are not effectively organized to irrigate. Individually they 
are competent and hardworking but collectively are constrained by the lack of 
Organizational Requisites 
properly organized joint agreements about rules and tools constituting an effective 
water share distribution system, recruitment ofleaders and staff, and unworkable 
lines of authority. 
In sum, the Sirsia-Dudhaura irrigation organization reflects a configuration of 
variables and relationships that are unsupportive of effectiveness and democracy 
in the provision of local public goods and/or common property resources. In 
short, it does not work. 
The Bangeri System - An Organizational Success 
This community of irrigators has been functioning for three generations and their 
records established that there are approximately 300 irrigation households which 
work a total of 400 ha., 300 ha. of which are irrigated (See Figure 4). 
Water of the Bangeri river is captured by an earthen barrage about 100 meters 
Figure 4. The Bangeri Irrigation System 
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long and constnlCted by farmers to create a head of water at the inlet of the main 
canal 1 meter deep. The technology employed in this barrage is virtually identical 
to others in this region of Nepal-large stones provide a hard core for the ends of 
the weir while a softer earthen center section will give away to high river flows. • 
This saves the side sections and leaves a bard bund fragment which continues . 
diverting water into the canal during periods ofbigh water. Fanners reported that 
they may have to re-build this barrage as many as 7 times a year. The Deputy 
Chairman reported that fanners were quite capable of mobilizing as much as 
900,000 Rupees (Rs) worth oflabor in a 30 day period. Unfortunately, these 
fanners have the lowest intake on the river due to a combination of low river 
flows during rabi (winter) season and high demand for water by the four farmer 
managed systems above them. This means that the Bangeri main canal generally 
fails to capture a full one meter head of water at the barrage. 
The main canal is 2 Ian. long; total length with secondary canals (Sec Figure 4) is 
6 lan. The command area is divided into 9 zones within each irrigators select a 
leader who represents them on the system Irrigation Committee. The largest farm 
on the system is 10 ha.; the smallest is 0.1 ha. with an average farm size of 1.0 ha. 
The Irrigation Committee (i.e., Board of Directors), composed of the 9 zone 
representatives, elects a Chairman, Deputy Chainnan, a Secretary for record 
keeping, and a Treasurer for fund management and accountability. The Bangeri 
Irrigation Committee operates and maintains a clearly defined and viable water 
share distribution system. This is how it works: 
1. Prior to the beginning of rabi irrigating s0350n each year, the Irrigation 
Committee estimates the total funds required to control water in the system for the 
next year-rabi and kharif. They must fund a variety of items such as barrage 
work. hire a landless laborer for a chowkidar (Rs 7oo/mo. plus 300 kilos ofricelyr 
for night work. plus Rs 30/month for flashlight and batteries), brick, mortar, and 
bank loan payments. Like such systems in many countries, no money is 
appropriated for Irrigation Committee Members who serve voluntarily at no cash 
cost to the system. This year (1992) the Irrigation Committee estimated a total 
need ofRs 28,000 for water management. 
2. The total annual cost includes a loan payment to the Agricultural 
Development Bank in the amount ofRs 20,000. The loan was taken out several 
years ago to finance improvement of a leaky main canal (See Figure 4) by putting 
in a one-sided concrete bank. Also the loan funded purchase of better gates to the 
secondary canals, and 13 culverts where roads crossed canals. The Farmers 
secured technical assistance and support for the loan approval from the District 
Office; although the District Officer had final approval authority, the 
improvements were designed according to farmer wishes and they are satisfied 
with what was done. Given that they were going to be responsible for paying 
Organizational Requisites 
back the cost of improvements, farmers wanted to make each Rupee go as far as 
possible--hence the single sided concrete portion of the main canal as an 
alternative of a two-sided concrete ditch. 
3. The costs of securing water control are then assigned to water shares; 
which are determined by amount ofland to be irrigated, independent of what crop 
is grown. Farmers allocate costs to units called bighas. Since that is a 
complicated computation, I will employ hectares. The farmers agreed that, given 
300 irrigated hectares in the system, and given a total appropriation ofRs 28,000, 
each irrigated hectare would be assessed Rs 93.33. Of this, Rs 30 was payable in 
labor equivalent. 
4. Assessments, due each January, are reviewed and adopted by the Irrigation 
Committee members and then by the general assembly of irrigators. If not paid by 
March, a S% surcharge is levied to the assessment. All funds are deposited in the 
organization's bank account in a nearby town. There is total "transparency" among 
the farmer members. 
S. Since part of the assessment is contributed labor for maintenance, 
irrigators are called out by the Irrigation Committee when needed. If a farmer does 
not wish to work on the job to be done, he or she contributes Rs 30/day to the 
Irrigation Committee which employs a laborer plus a tip of Rs 21day for breakfast. 
6. Costs paid are tightly connected to the delivery of water, and just like a 
bank savings account-no deposit, no withdrawal. When asked ifthere are 
delinquent farmers who wish to get water without paying, the answer was that 
there are always a few. "They come crying, 'my crops are dying, give me water.' 
We give it to them, but they pay." Sometimes in a really serious case, all of the 
farmers are called together in a general assembly of irrigators to put pressure on 
the delinquent--when the social pressure gets intense, the laggard pays the amount 
owed. 
a. Before the first seasonal irrigation, the Irrigation Committee 
inspects the whole command area and make a preliminary assessment of water 
consumptive needs. 
b. The Committee decides priorities of fields and farmers according 
to crop--top priority is given to vegetables, then wheat, oilseeds, maize, etc. 
Sugarcane was one of the lowest priority crops, and viewed as a hedge against 
drought. 
c. Depending on the quantity of river flow, 2-S secondary canals can 
be served with a sufficient head of water. Water is rotated not simply head to tail, 
but modified by: 1) crop consumptive needs; and 2) the Irrigation Committee's 
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best judgement as to how to keep from losing water unnecessarily in wetting dry 
ditch bottoms. 
There is much fine toothed local knowledge that goes into these calculations 
which escaped discussion and my notes. Farmers were agreed that their nwnber. 
one problem is lack of sufficient water at the headgate. If they had a better water 
supply in rabi they would shift from sugarcane, mustard, and lentils to higher 
value vegetable crops. 
Bangeri - An Analvsis 
There are problems in the Bangeri system-- the most notable is insufficient water 
supply, but farmers could also use imprOVed water measurement and control 
structures to help administer their share system. However, these farmers are 
organized to control water in a way that serves productivity within their 
constraints, maintains a rough but effective distributional equity, and embodies 
authentic democratic political control in the community of irrigators. Nobody 
pays for water that is not delivered; nobody takes water without contributing an 
approximate "fair share" to the cost of managing it. The share system succeeds in 
uniting cost and benefit, but it struggles with the head-tail problems which, while 
not eliminated, are kept within acceptable bounds. No matter where the irrigator 
is positioned in the queue, slhe can be confident that by fulfilling their 
organizational obligation, by paying their share assessment, they will receive an 
acceptable water delivery dividend. 
The management authority administering the water share distributional system is 
composed of local people having detailed local knowledge who are accountable to 
the irrigation community. DOl personnel make no pretense of involving 
themselves in the daily operation and maintenance of the share system. They are 
kept in their proper place--providers oftechnical assistance in the design of 
improvements and in obtaining outside financial help. 
Bangeri represents an effective and democratically responsive irrigation 
organization, rather than being more fitted for lobbying the central bureaucracy for 
resources than for the work of irrigation and agricultural production as is the case 
in Sursia-Dudhaura. The farmers at Bangeri are empowered to control water. 
Their organization provides them with a vehicle for productivity, equity, and the 
daily practice oflocal democracy. 
CONCLUSION 
Why do some local organizations earn the support and loyalty oftheir 
memberships, successfully empower people within democratic frameworks to 
Organizational Requisites 
provide themselves with essentials oflocal infrastructure, and provide crucial 
linkages between central government bureaucracies and local people? Why do 
others fail in these tasks? 
In sum, the argument here has contended that the difference lies in the 
configuration of a few strategic variables. Small changes make for large 
differences in organizational outcomes. The critical variables have to do with 
recruitment of leaders and staff (local/cosmopolitan), configuration of 
responsibility (are citizen-leaders accountable to the agendas of authorities above 
or to irrigators below?), and the design of the resource share distribution system in 
a way which unites delivery of the organizational benefit stream to member 
fulfillment of obligation and delivery quality service without respect to position in 
the service queue. 
Likewise, irrigation system rehabilitation is not simply a technical matter of 
interest to those who design and construct physical works; it is most importantly a 
process which must address those social organizational considerations that all too 
often account for degradation of the physical works in the first instance. 
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VERIFICATION-BASED PLANNING FOR 
MODERNIZING IRRIGATION SYSTEMS 
Grant G. Davids2 Arnold K. Dimmitf 
ABSTRACT 
Jack Keller4 
Verification-based planning is a tool to improve the irrigation system 
modernization planning process and to effectively monitor the post-project effects 
on system performance. Modernization of irrigation systems results in waterflow 
path changes within the system. The planning process for modernization of an 
irrigation system requires careful docwnentation and analysis of the pre-project 
(without-projecr) condition and quantified prediction of the effects of the planned 
improvement (with-project). Procedures and strategies for predicting, monitoring 
and quantifying Targeted Flow Path Changes caused by an irrigation system 
modernization project for both without- and with-project conditions are presented. 
INTRODUCTION 
Background 
Rehabilitation of irrigation systems is done to bring the systems back to their 
initial performance capabilities. Rehabilitation may be necessary because of poor 
maintenance and is undertaken to take care of a backlog of deferred maintenance. 
On the other hand, modernization implies upgrading a system to improve its 
performance beyond its original potential. The purpose of this paper is to present 
concepts for using verification-based planning in the modernization planning 
process and for post-project monitoring of its effects on irrigation system 
performaiJ.ce. 
Verification-based planning involves additional time and expense compared to 
traditional planning, due to the additional effort and data neel.ied to achieve an in-
depth understanding of the irrigation system. However, verification improves the 
likelihood that modernization program objectives will actually be accomplished. 
This is critical where public money is being spent and is of special importance for 
programs where the rights or interests of other water users may be compromised. 
I Consulting Civil Engineer, 1730 Cathay Way, Sacramento, CA 9S864 
2 Principal Engineer, Davids Engineering. Inc., 1772 Picaso Avenue, Suite A, Davis, CA 9S616 
) Principal Engineer, MetropoUtan Water District of Southern California, 107 South 5th Street, 
Suite 200, HI Centro, CA 92243 
C Chief Executive Officer, Keller-Bllesner Engineering. 78 East Center Street, Logan, UT 84321 
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The same methods that are presented herein for verification-based planning can 
also be used to verify the conservation savings that result from project 
implementation. Additionally, verification-based planning provides the necessary 
details. coupled with project cost estimates, to permit a close economic evaluation 
of each component of a modernization program. This provides managers and 
other decision makers with the information needed to evaluate alternatives for 
each program component before deciding whether to proceed with its 
implementation. Thus verification provides the quality control that assures 
planning objectives will be met in a cost-effective manner. 
Objectives of Modernization & Flow Path Changes 
Typical local (or internal) objectives for irrigation system modernization 
programs include combinations of the following: 
• reduced delivery and on-farm system operational losses 
• reduced operation and maintenance costs 
• improved reliability in the delivery of water to farmers 
• increased flexibility to provide farmers more control over their water supply 
• decreased water usage per unit of land area 
• increased crop production. 
Typical regional (or external) objectives for publicly supported modernization 
programs are to: 
• conserve water so it can be utilized for other uses and by other users 
• facilitate adoption of new, desirable on-farm irrigation technologies and 
practices that increase water use efficiency both physically and economically 
• re-manage irrigation flows to mitigate environmental, water quality and water 
supply conflicts 
Most of the local objectives and all of the publicly supported ones involveflow 
path changes of one sort or another that are often broadly referred to as 
conservation practices. Reduced canal seepage and evaporation losses, and 
reduced delivery system operational spillage are examples of these. The focus of 
this paper is the use of verification-based planning for modernizing projects. This 
involves the implementation of new practices or measures that result in changes in 
one or more of the three general flow path categories. These are: evaparative 
depletionflow paths, such as evaporation from free water surfaces and 
evapotranspiration by crops or phreatophytes; surface flow paths, such as canal 
operational spillage and farm runoffltailwater; and subsurface flow paths, such as 
canal seepage and deep percolation. 
Verification-Based Planning 
Conceptual Overview 
Verification is commonly thought of as an assessment conducted after 
improvements are made to see how well modernization objectives were met. 
However, when included in the planning process, verification involves careful 
analysis of the pre-project conditions and quantified predictions of the effects of 
the planned improvements. Thus the anticipated effects can be estimated with 
reasonable certainty in advance of project implementation. Typically, initial 
predictions are made with available data and may be improved through collection 
of additional data, which is needed to validate assumptions and improve 
understanding of the irrigation system. The goal is to increase confidence in the 
quantification of the predictions. The desired level of confidence depends on the 
risks posed by uncertainty and who is taking those risks. 
Once modernization objectives that involve re-managing flows are clearly 
identified, it is necessary to identify the flow paths into, within and leaving the 
system that must be changed and the degree of change necessary to achieve the 
desired outcomes. We call these the Targeted Flow Path Changes. Then it is 
necessary to identify the specific system characteristics that must be manipulated 
to achieve the Targeted Flow Path Changes for each of the projects that make up 
the modernization program. Here it is necessary to take a mechanistic view of the 
system, recognizing that both physical and behavioral mechanisms may need 
attention. 
A verification-based planning strategy is a combination of an approach and a 
procedure for carrying out the approach for each Targeted Flow Path Change. 
There are several basic strategies for estimating the Targeted Flow Path Changes 
associated with the various components or projects of a modernization program. 
Selecting the most appropriate strategy for any given component or project can be 
a tedious and time consuming exercise. This is because each strategy has its 
drawbacks and each component and verification strategy combination has specific 
data and quality requirements. 
In the text that follows we will use the word "verification" to imply both 
quantifying and monitoring Targeted Flow Path Changes. 
PREDICTING AND MONITORING TARGETED FLOW PATH CHANGES 
Water Balances and Flow Paths 
The use of water balances and their associated flow paths are essential for the 
verification-based planning process. Figure I is a schematic of a comprehensive 
water balance that was developed for the Mid-Pacific Region of the US Bureau of 
Reclamation. It shows both the internal and external flow paths for a typical 
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Fig.1. Global Water Balance with External Inflow and Outflow Paths and 
Internal Sub-system Water Balances with the Related Internal 
Flow Paths for a Typical Irrigation District 
irrigation district The sum of all the external flows into and out of the district (the 
flow paths that cross the dotted line surrounding the internal water balances) plus 
the change in the amount of water stored within the district's boundary must be in 
balance. The same holds true for the four sub-water balances depicted within the 
district 
Over yearly time periods there is usually little change in storage in the district 
distribution system, cropped lands and drainage system, but there is often a 
considerable change in storage within the groundwater system. However, over 
short time periods the change in storage in all of the subsystems may be 
considerable and must be taken into consideration in the verification analysis. 
Verification reqQires estimating, measuring, and/or synthesizing volumes of flow 
related to the various flow paths that the modernization program's individual 
projects are designed to target. As will be discussed later. the first step is to 
identify and quantify the Targeted Flow Path Changes that are required to meet 
the desired outcomes. This requires a combination of measured or estimated flow 
volumes that represent post-project conditions. 
-..' 
Verification-Based Planning 
General Verification Perspective 
Irrigation water use, and thus the quantity of water associated with the various 
flow paths, is affected by modernization measures and many additional factors 
such as cropping patterns, weather conditions and water management practices. In 
most cases, it is not appropriate to base the quantification of modernization effects 
on a direct comparison between pre- and post-project water use measurements 
because the additional (or non':modernization) factors will vary with time. Instead, 
the measurements need to be normalized to account for changes in non-
modernization factors that have taken place between the pre- and post-project 
periods. 
The general verification perspective involves a comparison between the with- and 
without-project depictions in which all non-project conditions are identical so that 
differences between the two represent the effects of the project. This is different 
than a comparison between pre- and post-project scenarios, which involves a 
span of time and thus requires making adjustments to account for any changes 
that are not related to the modernization project. For example, consider a tailwater 
recovery system installed on a 160-acre field where before the system was 
installed, the field discharged 80 acre-feet of tail water per year and afterward it 
discharged only 20 acre-feet per year. Without consideration of changes in other 
factors, it would appear that the addition of the system has resulted in 60 acre-feet 
of conservation. However, further investigation reveals that the crop was changed 
between the pre- and post-project period from a crop for which there is little 
tailwater (for example, wheat) to one for which, without the system, there would 
be much more tailwater (for example, sugar beets). In this case, the simple pre-
and post-project comparison would result in an under-estimation of conservation 
savings, unless the pre-project record of tail water is adjusted to account for the 
crop change. 
Verification-based planning requires estimating the anticipated Targeted Flow 
Path Changes and then monitoring them to provide insight and guidance as a 
modernization program progresses. For each flow path that will be affected 
(typically a delivery, spillage, return flow, or storage flow path), it is necessary to 
first estimate a without-project volume and subtract the appropriate estimated 
with-project volume from it, such that: 
VC = V",tAout - V willi = VN - V (Equation 1) 
in which, 
• VC is the estimated Targeted Flow Path Change, acre-feet; 
• V",...., or VN is an estimate of the flow path's volume of water without 
the project, acre-feet; and 
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• V wIIh or V is an estimate of the volume of water that would follow the 
flow path with the project in place, acre-feet. 
It is not possible to measure both the with- and without-project conditions at the 
same point in time. Consequently one of the data sets must be synthesized. Fi~ 
2 shows the typical phases that occur chronologically along the Project Timeline 
(from Project Conceptualization & Planning to Full Utilization) and the with- and 
without-project data sets relative to these phases. Data Sets I and 4 are 
representative of conditions prior to the implementation of each of the projects 
that make up a modernization program. Data Sets IE and 1M represent estimated 
and measured without-project data. Data Sets 4E and 48 represent estimated and 
synthesized with-project data. 
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Fig.2. Modernization Program Phases and Related With- and Without-Project 
Data Sets 
Predicting Targeted Flow Path Changes 
During the Project Conceptualization & Planning Phase there are often no or only 
crude flow path measurements available and it is necessary to base both the with-
and without-project data sets (Data Sets IE and 4E. respectively) on estiD;Iated 
values (see Figure 2). Projects that appear feasible based on these estimated 
values are normally carried forward to the Design Phase; and for verification 
planning purposes, field measurements should be made of actual without-project 
system performance to develop Data Set 1 M. Data Set 4S representing with-
project conditions must be synthesized for design purposes by employing the 
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infonnation gathered in generating Data Set 1M, along with necessary 
assumptions, operations studies, simulations and other techniques that are 
commonly used during the design process. This can be a major challenge, 
especially for new types of projects designed to target losses requiring flow path 
changes that have not been addressed in the same manner before, such as lateral 
interceptor systems and automation of conveyance and distribution system 
operations. 
To quantify the estimated Targeted Flow Path Change during the Design Phase, 
Equation 1 is changed to indicate the data sets (see Figure 2) needed to estimate 
the anticipated without- and with-project conditions: 
(Equation 2) 
in which: 
• VN~IIM) and V~I4S) are measurements of without- and estimates of 
with-project delivery or spill volumes respectively for the pre-project 
time period and associated environmental conditions, acre-feet. 
The practical level of rigor to apply when collecting design data and developing 
Data Sets 1M and 4S depends on several factors, including the cost of the project, 
the factors involved in predicting with-project conditions (projects involving 
operator and grower behavior are much harder to predict than those that do not 
depend on behavior), the risk posed by inaccurate predictions, and who is 
assuming the risk. 
It is important to carefully plan the design data collection processes so there is a 
high level of confidence in Data Sets 1M and 4S, especially when dealing with 
projects for which the without-project conditions can never be replicated once 
project construction begins. For example, consider a main canal regulating 
reservoir that is being designed to eliminate a main canal spillage flow path at a 
particular site. If the without-project spillage is not adequately measured prior to 
constructing the reservoir, it may never be possible to completely restore the 
without-project conditions. When measuring temporally variable flow paths such 
as spillage, it is important to assure that diurnal, weekly and seasonal patterns are 
adequately characterized. As a minimum, such flow paths should be measured for 
at least one complete season and measurements spanning several seasons are 
preferable. 
Monitoring Targeted Flow Path Changes 
The need and approach for post-project monitoring of modernization projects 
depends on: a) the sensitivity of the Targeted Flow Path Change to environmental 
changes that occur over time~ and b) how well the relationship between the 
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actions or measures employed and the Targeted Flow Path Change is understood. 
For measures whose effects are well understood and are not sensitive to 
environmental changes, such as canal lining, monitoring is not necessary and the 
pre-project predictions developed using Equation 2 hold for the post-project 
period. 
However, where the above two criteria do not hold, Data Set 3 is needed to verify 
that the estimated Targeted Flow Path Changes have in fact occurred (see Figure 
2). This is typically the case for actions or measures targeted at flow paths that are 
sensitive to environmental change or are affected by human behavior, such as 
reducing or capturing spillage. To quantify the estimated Targeted Flow Path 
Change during the Full Utilization Phase, Equation I is changed to indicate the 
data sets (see Figure 2) needed to estimate the anticipated without- and with-
project conditions: 
VC "" VNfr_1 J) - V J13'e12) (Equation 3) 
in which: 
• VNJ13'e1 J) and V J13'e' 2) are estimates of without- and measured with-project 
delivery or loss volumes respectively for the post-project time period and 
associated environmental conditions, acre-feet. 
Data Set 3 can be developed by normalizing Data Set I M or by synthesizing it 
from Data Set 2. In either case, this can be a major challenge. The normalizing 
process involves either: a) adjusting the estimated VN values based on pre-project 
Data Set 1M to simulate post-project time and environmental conditions, but 
without the project; or b) adjusting Data Set 1M to simulate Data Set 3 and then 
computing VN. However, sometimes it is possible to synthesize values for 
VNfr_ J) from a mixture of pre- and post-project Data Sets 1 M and 2. 
When collecting post-project Data Set 2 it is important to note that for projects 
affecting the system's behavioral characteristics there may be a period following 
project construction when the project is "ramping up" to Full Utilization. In such 
cases, for example, a lateral interceptor project, data collected during the start-up 
phase may not be representative of the project's long term potential. This is not a 
concern for projects that only involve physical characteristics such as canal lining. 
Verification Feedback to Modernization Programs 
Importantly, the predicted Targeted Flow Path Changes need to be w:urately 
quantified during the Design Phase of a modernization project. However, these 
predictions depend on assumptions that involve speculation, especially for new 
and innovative projects that depend on behavioral responses by operators and 
irrigators. However, where a modernization program involves implementing 
Verification-Based Planning 
several similar projects, the opportunity may exist to validate and refme design 
assumptions based on the early operating results from the first project or projects. 
This is illustrated in Figure 3, where operating knowledge gained through with-
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STRATEGIES FOR QUANTIFYING FLOW PATII CHANGES 
Verification Approaches 
As mentioned earlier each verification strategy is made up of an approach and a 
procedure for carrying it out. The three basic approaches for estimating the 
Targeted Flow Path Change associated with a project are: 
• Delivery differential, which is the difference between representative pre- and 
post-project volumes of irrigation water delivered to the entire area affected 
by the project; 
• SpilVseepage differential, which is the difference between representative pre-
and post-project volumes of irrigation water that spills or seeps from the 
project area; and 
• Return-flow fraction, which is the estimated portion of the return-flow water 
that results from the project and is effectively reused to reduce the amount of 
irrigation water required, thus representing "real" conservation savings. 
Estimating the appropriate with- and without-project volumes to use in Equation 1 
is necessary to quantify the Targeted Flow Path Change when using the delivery 
or spilVseepage differential approaches. The total return-flow volume sets the 
upper limit on the Targeted Flow Path Change. Return-flow volumes must be 
used in conjunction with delivery or spill differentials estimates in order to 
calculate the fraction of the volume that is effectively used. 
Procedures for Ouantifying Flow Path Changes 
There are several basic procedures for estimating the necessary with- and without-
project volumes required for each of the approaches for quantifying Targeted 
Flow Path Changes. They are differentiated by considering combinations of 
~ and ~ volume estimates are needed, and the lYb£n (or time-step) to be 
used in converting flow rate data into the volumetric estimates. 
One way to begin selecting a procedure is to first Ilelect an approach and ~ 
the subsystem or "free-body" is that encompasses the Targeted Flow Path 
Changes. (For example see the subsystem water balances in Figure 1 and the 
associated flow pathll.) Then select the ~ on (or within) the free-body 
boundary where estimates of flow volumes are needed and when measurements 
are required to address the targeted changes. Following is a listing of the 
possibilities within these where, what, and when categories. 
I) Where measurements will be made refers to both the increment of land or 
portion of the system that comprises the "free_body" under study and the 
~ On (or within) its boundary where measurements are required. The 
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basic choices for increments of land are: a furrow, a set, a field, a farm, a 
lateral service area, a drainage lateral service area, the area served by multiple 
laterals, the area served from a main canal operating reach, or the system wide 
service area. The basic choices for portions of the system are: farm ditch, 
tailwater pond, farm drain, drainage lateral, lateral, lateral check-pond, 
interceptor lateral, interceptor reservoir, main drain, main canal reach, main 
canal check-pool, and main reservoir. The basic choices of the places on (or 
within) the boundary of the free-bodies where estimates of flow volumes may 
be required are: at farm turnouts, along farm ditches, at tailwater ponds, along 
field drains, along drainage laterals, at lateral headings, along laterals, at 
lateral check-gates, at lateral spill points, along interceptor laterals, at 
interceptor reservoirs; at main canal headings, along main canals, at main 
canal control- and check-structures, at main canal spill points, and at main 
reservoirs. 
2) What will be measured is in effect established by the verification approach 
selected. It refers to the paths or components of flow that are expected to 
change because of the project. The basic choices are: the inflow or delivery; 
the outflows, which are ordered deliveries to downstream uses, spill, seepage, 
and evaporation; return flow; and storage changes (see Figure 1). 
3) When refers to the time-stCj? that will be used to estimate the volumes and 
associated differential volumes from the flow rates being measured or 
estimated. The basic choices are a crop season cycle, and single or multiple 
farm delivery cycles, 24-hour or week-long system operating cycles, and 
calendar cycles (such as a week or a month). A single farm delivery cycle is a 
multiple of 12-hour or 24-hour deliveries, and a crop season cycle is made up 
of the number offarm delivery cycles required for the particular crop season. 
The procedures for carrying out the basic verification approaches are 
differentiated by the wherelwhat volume estimates employed and the associated 
time-steps used. They are further differentiated by the process used in 
determining accumulated volume of savings. The following terms are used to 
differentiate between these differences: 
• Individual-event is used when individual volume differential estimates are 
made for single point where/what flow rate values and single cycle time-steps 
(i.e., single events in both space and time) and then added to obtain the 
accumulated volume of savings; 
• Sequential-event is used when individual volume differential estimates are 
made for single point where/what flow rate values and multiple-cycle time-
steps (i.e., single events in space and multiple events in time) and then added 
to obtain the accumulated volume of savings; or 
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• Multi-evenl is used when the differential volume estimates are based on 
accumulated where/what values or multiple cycle time-steps (i.e., multiple 
events in either time or space or both). 
SUMMARY 
Objectives of irrigation system modernization are varied and generally involve 
making changes to flow paths in one or more of three general categories -
evaporative depletion flow paths, surface flow paths and subsurface flow paths. 
Verification-based planning involves careful analysis of the pre-project (without-
project) conditions and quantified predictions of the effects of the planned 
improvement (with-project). Care must be exercised that any changes not related 
to the modernization project are removed or excluded from the without- and with-
project analysis. It is not appropriate to make a direct comparison between pre-
and post-project water use without normalizing conditions to account for changes 
in non-modernization factors. 
Targeted Flow Path Changes resulting from the modernization project must be 
identified and quantified. During the Design Phase of the project, without-project 
flow path measurements can be made. It is necessary to synthesize the with-
project flow path quantities for the related flow path changes. The data collection 
process must be carefully planned to ensure that there is confidence in both data 
sets and that the with-project data set when collected can demonstrate that the 
Targeted Flow Path Changes have in fact occurred. 
Three basic verification approaches for estimating volumes of irrigation water in 
Targeted Flow Path Changes associated with a project are delivery differential, 
spiWseepage differential and return-flow fraction. The procedures for estimating 
without- and with-project volumes required for these approaches must consider 
where measurements will be made, what will be measured and the time-step as to 
when measurements will be made. 
Verification-based planning, while requiring additional time and expense to 
conduct more detailed predictive analysis of conditions and to gather data, will 
more accurately predict water conservation results of the completed 
modernization project 1l1is also provides more accurate feedback to validate and 
refine design assumptions for other similar projects. Coupled with cost estimates, 
verification details permit more accurate economic evaluation of a modernization 
project. This is important, even critical, for managers and other decision makers 
in evaluating alternatives for a program and its individual components prior to 
committing to proceeding with implementation. It provides a quality control 




An actual application of verification-based planning, conducted during the 
implementation of the 1988l1DIMWD Water Conservation Program, titled 
Lateral Canal Lining Project Case Study is presented in the conference poster 
session. This case study illustrates how, through the application ofverification-
based planning, more accurate estimates permitted the selection and 
implementation of more cost-effective canals to be lined. This resulted in 
reducing initial concrete lining projects exceeding $250 per acre-foot to a final 














POLICY REFORMS FOR SUSTAINABLE IRRIGATION MANAGEMENT 
A CASE SnIDY OF INDONESIA 
Ramchand Qadi 
ABSTRACT 
'Ibis paper is based on the results of a one-year study and analysis of irrigated 
agriculture in Indonesia (1997-98). The research was funded by the Asian 
DeYelopment Bank. and implemented with cooperation of the National 
Development Planning Board (BAPPENAS) and the Directorate General of Water 
Resources (DGWRO, Ministry of Public Works) in Indonesia. The overall 
pwpose of the study was to review past policy approaches to irrigation 
development and management, evaluate their effectiveness, and recommend 
optio~ for future.2 
·MACROECONONUCCONTEXT 
Until mid-I997, the Government of Indonesia had made impressive progress in a 
number of social areas iDclQding poverty alleviation, employment generation and 
ensuriDg adequate access to food for the poor. Since the financial crisis in 1997-
98, these trends are in reverse. One of the severest droughts in this century 
associated with EI Nino and the unprccedcoted fiDancial crisis deah a severe blow 
to Indonesia's fuod security. Food and Agriculture Organimtion (FAOIWFP) 
Mission (1998) estimated that the country would need to import a record 4 million 
tons ofrice fur the 1998199 marketing year. In addition to rice, Indonesia is 
importing other major food crops iDcludiug maize and soybeans. 
The events of 1997 and 1998 have changed the setting of agriculture and rural 
Indonesia in some fundamental ways. Decelerating economic activity, higher 
I Professor, Colorado State Uniwrsity, Fort Collins, CoIcndo. The autbCl' was team lead« of a 
ninHDanber interdisciplinary team that coaducted the study in Indoneaia. 
2 DdaiJed inbmatioD is available in the study t.D report: Coosortium ofIDttmatiOllal 
DewIopment (1991). ~t of Options Cor Sustainable Irrigatioa Development in 
Jftdooesia (ADD TA 2679-INO). Final report submitted to the Asian Development BalIk and the 
(loowfliiiilitllt oflndonesiL 
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prices and surging urban unemployment have propelled large numbers of 
households into impoverishment. Once again, the rural areas arc cbaracterized by 
mass poverty. Fortunately, the currency devaluation and tight liquidity in the 
financ:ial markets should raise the relative retu1'm to land and labor intensive 
activity, providing a sharp boost to economic incentives in rural agricuJtural sector. 
The immediate priority is to cushion the fiill in incomes and employment with a 
combination of food reliet: job creation and the provision of essential foods at 
affordable prices. In the long nm, to alleviate the crisis, policy makers must 
restore high-quaHty rural growth by promoting sustainable uses ofland and water. 
Indonesia must retwn to a "back to basics" policy in which the agricultural sector 
is the main engine of growth. A resource-based recovery provides the best 
opportunity to stimulate a sustainable growth that addresses food security, 
poverty, and income distribution concerns. Historically, agriculture bas driven 
rural economic growth. Irrigation, as a subsector of agriculture, plays a strategic 
role in improving national food security, especially for rice, by helping fimncrs 
increase food production and generate income. 
Rice Production and Consumption Trends 
The growth rate of Indonesian rice production bas declined since early 199Os, 
especially in Java. Paddy production in Java grew from 26.3 million toDS in 1990 to 
27.4 million tons in 1996, an average annual growth rate of 0.74 %. Off-Java, the 
growth rate for the same six-year period was 3.32 %. For all Indonesia, it was 1.76 
% compared to 3-6% for the 19705 and early 19805 (Table 1). FAO (1998) report 
confirms these findings, ..... in the 199Os, production bas tiillen behind demand, with 
rice imports amoWlting to 1.8 and 3.0 million tODS in 1994195 and 1995196 
marketing years. ... WIth the productivity gains leveling o1fin the early 19908 
Indonesia's rice deficit showed a rising trend with the peak reached in 1995 .... ". 
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Table 1. Growth Rates of Rice Harvested Area. Production and Yields 
Rice Harvested Area Rice Production Rice Yields 
Years Java ~ Indonesia Ja, ~ Indonesia Ja, ~ Indonesia 
Js 
% % % 
1967-76 1.42 2.7 1.92 7.2 5.8 6.59 6.97 3.0 4.56 
1977-86 1.8 2.6 2.14 3.13 3.0 3.1 0.41 0.52 l.l 
1982-96 0.54 2.7 1.53 2.17 4.25 2.97 1.66 1.5 1.4 
1987-96 0.31 2.8 1.45 1.53 3.82 2.43 1.22 1.1 0.96 
1990-96 0.14 2.58 1.29 0.74 3.32 1.77 0.61 0.73 0.47 
Source: CcJDSortium for Intanatiooal Devclopment, 1998. Assessment ofOptioos for 
Sustainable hrigatioo DewIopment in Indonesia. Final Report presented to the Asian 
Development Bank and the Government of Indonesia. Vol. I of3, p.3. 
According to the FAO (1998) report, the fimdamental reason for low growth rates 
is the leveling-off of productivity f8cton, i.e., cropping intensity and yields. 
Analysis additionally reveals that not only are cropping intensity and yields low, but 
they have been stagnant for a decade. Data presented in Fig. 1 confirm that average 
national paddy yields have remained at a level of 4.5 tooslba since 1990. For other 
important food crops, such as maize, yields have been stagnant at 2.2 tonslha since 
1989 and soybeam averaged 1.2 tonslha. Infommtion on cropping intensity 
indicates similar trends -- currently low and low for the last 10 years, 1.5 level for 
Java and 0.9- 1.0 for off-Java. Nationwide it is about 1.18. 
On the consumption side, it is estimated that the total population will expand from 
198 million in 1996 to 262 million in 2020. Per capita rice consumption will 
expend from 151.6 kglcapitalyear to a peak of 154 kglcapitalyear around 2006 and 
then decline to 147 kglcapitalyear as income increases aod further urbenimion 
takes effect. That is, total rice consumption will increase from 30.068 million tons 
in 1996 to 38.65 million tons in 2020. At a conversion rate for paddy to rice 
of65%, this increase will require 46.26 million tons of paddy in 1996; advancing 
to 59.463 million tons of paddy in 2020. 
During the next five-year period, the rice consumption is estimated to increase at a 
rate of 1.450/0 per year - but over the next 2S-year period, the overall increase will 
average slightly less than 1.0% per year. Both of these rates are less than the 
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expected population growth rate and therefore seem reasonable compared to other 
regional rice consuming countries. 
Hstorical Yiek'Js Rates -1965-1996 
Yields on am off Java am aI of h:toresia 
6r-----------------------------~ 
1965 1968 1971 1974 1977 1980 1963 1986 1969 1992 1995 
Yan 
Figure 1. Historical Rice Yields, On-and Off-Java and All Indonesia 
Implications for Future Irrigation Deyelopment 
The study modeled several future development and management scenarios that can 
be employed by the government to balance expected consumption of rice and 
paddy production. The fuodamental concern is to know whether rice self-
sufficiency can be maintained through better management of existing inigation 
resources, or there will be need to develop new irrigated Jands. Following 
background information was used in the simulation exercises. 
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• In the base model, annual rice yield growth rates are assumed to be 0.36% on-
Java and 0.96% off-Java; 
• In the base model, annual rice cropping intensity growth rates are assumed to 
be 0.76% on-Java and 0.68% off-Java; and 
• To assess agriculturallaDd loss to urban and industrial use in Java, the model 
assumes three rates ofland conversion. The first rate of -0.51% (about 20,000 
ba/year) ~ an estimate oflaDd conversion over the past two years. The second 
rate of -0.35% (around 12,500 ba/year) assumes a slowing ofland conversion 
on Java. This slowing might result from financial crisis impacts and 
strengthened enforcement of the existing laws. The finaI rate ofzero ha/year in 
IaDd conversion is unrealistic but it dramatically illustrates the importance of 
protecting the good agriculturallaDd on Java. 
The results of the simulation exercise are presented in Table 2, and show the effect 
ofincreased yield and cropping intensity growth rates and additions and 
subtractions ofland area on the future rice balance. 
Option 1. Increasing Production with Constant Cropping Intensity and Yields 
The first development option assumes the cropping intensity and yield growth rates 
to be the same as the last few years (Base option in Table 1). The results indicate 
if the IaDd area conversion on Java continues and there is no new land development 
off-Java over the next 25 years. the average rice shortfiill wiD be 2.6 million 
tonslyear. That is, with no improvement in crop yield and/or cropping intensity 
growth rate, it wiD be necessary to develop new land outside Java- about 60,000 
ba/year from 1999 until 2020. 
Since the implementation of Irrigation Operation and Maintenance Policy (lOMP) 
in 1981, Indonesia developed around 30,000 haIyear of new irrigated land. In 
contrast, the study suggests that the countly wiD need to develop about 60,000 
haIyear, at least up to 2010. This is only poSSIble iflDUCh of the "new" 
development can actually be land completion in existing irrigation systems, where 
much of the infrastructure such as diversion weirs and main c:aaaJs are already in 
place. The strategy ofland consolidation has a good potential fOr increasing 
production, in a cost-effective way, and is discussed in detaD in policy reform 
formulation section. 
If the crop yields cannot be improved and the new lands cannot be developed. the 
reJDIining solution is to decrease the agriculturallaDd loss in Java (scenarios I-I 
and 1-2). Even then, rice production wiD be less than estimated conswnption both 
over the S-year and 25-year period. 
69 
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Option 2. Increasing Production with Increased Yield and Cropping Intensity 
Another option for increasing production is to improve growth rates of crop yields 
and cropping iDlCDSity. If the country can obtain modest yield increases. say 
0.24% per year (that is, improved growth rate of 0.6% for Java aM 1.24''''' off-
Java), the amount of new land they need to bring in production is about 25,000 
balyear, which is feaSIble. The yield increases can resuh from introduction of new 
agricultural technology, better extension and irrigation management. The increase 
does not solmd significant, but will increase yields in 2020 to 6.38 tonslha on-Java 
compared to the base rate of 5.84 tonslha and 4.95 tonslha off-Java compared to 
the base rate of4.8 tonslba. 
Even with fBster yield increases. continued land conversion on Java will resuh in 
rice imports during the next five years. If the government slows land convCmon to 
12,500 ha per year along with an annual increase of 50,000 ha per year of irrigated 
land, this scenario coukl result in an average rice surplus of over 2.1 million 
tons/year throughout the 25-year period. 
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Table 2. Required Irrigation Expansion under Different Development Scenarios 
Options Annual Land Annual Rice Balance for 5 and 25 Year Period (000 tons) 
& Additioos & 
S<lenarios Subtractions (ha) Constant yield and Increased yield and Stagnant yield 
CI growth ratesl constant CI growth and constant CI 
rates2 growth rates) 
Java Off-Java 5 Yr. 25 Yr. 5 Yr. 25 Yr. 5 Yr. 25Yr. 
Option I -20,000 0 -1143 -2603 
Base 
Seen. 1.1 -12,500 0 -949 -1842 
Seen. 1.2 0 0 -522 -549 
Option 2 -20,000 50,000 -772 -351 -581 1300 -680 -3045 
Seen. 2.1 
Seen. 2.2 -12,500 50,000 -531 410 -343 2111 -445 -2317 
Scen.2.3 0 50,000 -158 1673 39 3458 -68 -1107 
Seen. 2.4 -20,000 60,000 -698 100 -506 1757 -605 -2645 
Seen. 2.5 -12,500 60,000 -289 861 -268 2568 -370 -1916 
Seen. 2.6 0 60,000 -94 2124 113 3915 7 -707 
'Constant yield growth rates (Java 0.36% & Off-Java 0.96%); constant CI growth rates (Java 
0.76% & Off-Java 0.68%). 
2lncreased yield growth rates (Java 0.6% & Off-Java 1.2%); constant Cl growth rates (Java 
0.76% & Off-Java 0.68%). 
3Stagnant yield growth rates (Java O.oe~ & Off-Java O.oe~); constant CI growth rates (Java 0.76% 
& Off-Java 0.68%). 
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IRRIGATION POLICY AND PERFORMANCE 
The food balance modeling exercise illustrates that while Indonesia will bave to 
increase rice production to satisfy demand in the next 25 years, the country has a 
variety of viable options to meet the need. All scenarios require developing a 
limited amount of new land. However, if the country can slow agricultural land 
loss on Java and improve yield growth rates, a modest investment will be sufficient 
to fully utilize resources in schemes where irrigation fueilities are already provided. 
All these findings imply a policy approach that focuses on better management of 
existing irrigation resources, rather than developing new resources. This 
realization is not new; in fact, it was the basis for the current IOMP policy 
formulated in 1987. Indonesia, with assistanl;e from donor agencies. bas made 
serious efforts to introduce more sustainable and efficient ways of rmmaging . 
irrigation systems. The filets as previously presented, however, indicate that: 
• In spite of the large public expenditures in irrigation system development, 
production growth rate of all major food crops including rice has declined, and 
• The irrigation sector fuces increasingly difficult cballenges arising from the 
current financial crisis. It must restore momentum offood production, its 
security and self-sufficiency. And, it must do so with much reduced monetary 
resources. 
Important questions are raised as these fuets are considered: What fundamental 
reasons would explain this rather low performance of irrigated agriculture? What 
lessons can be learned from past experiences? And, what approaches in the future 
would improve system performance? 
Current Policy 
When Indonesia achieved rice self-sufficiency in 1984, the government had 
respoOSlbility for managing 2.3 million ba oftecbnical irrigation systems, and 
another 900,000 ba of semi-technical irrigationl. After this achievement there was 
a realization that to maintain and/or increase rice production, the government 
would have to shift to a policy of properly operating and maintaining existing 
irrigation systems. The Irrigation Operation and Maintenance Policy (IOMP) was 
3 "Tcdmical" irrigation systems arc usually construc:tcd by govemm~t agencies and ha\'C the 
potential of better water oontrol in the sense that they arc provided with flow rcgulatiOD, 
measurement and other oontrol structures. However, with better management, semi-technical 
and village irrigatioo systems may provide equally good or even better scMce to the fiumers. 
Policy Reforms in Indonesia 
introduced in 1987, and since then the Indonesian government and several major 
foreign donors have invested large resources to support its implementatioIt. The 
policy initiatives include following programs: 
• Establishment and development of water users' associations (WUA), 
• Irrigation system turnover, 
• Irrigation service fees, 
• Efficient operations and maintenance and needs based budgets, and 
• System rehabilitation or special maintenance. 
IOMP attempted to shift government irrigation roles from a construction to one of 
improved O&M, cost recovery, and WUA involvement. The policy hoped to 
create new institutional roles and respoDSlbilities for government personnel, and an 
expanded decision-making role for water users. However, IOMP has not lived up 
to expectations and its overall results with respect to ISF, institutional 
strengthening ofWUAs and improved maintenance have been less than planned. 
Fundamentally, IOMP fiilled to establish a system of institutional incentives that 
mvor efficient management over system extension, and proper maintenance over 
periodjc rehabilitation. It did not establish the critical link between the consumers 
and the providers of irrigation service. Instead of empowering farmers, the 
original and innovative concepts of System Turnover to WUAs and ISF were used 
to justify more and more public funding for construction and system rehabilitation 
projects. Consequently, while government funding for system O&M has 
continuously increased since 1987, there has beCn no corresponding improvement 
in the quality of irrigation service provided to the filrmers. 
Reasons for Low Perfonnance 
To suggest future policy reforms, it is necessary first to understand why IOMP fell 
short offulfilling expectations. Following major reasons were identified:5 
4 The study estimated that IOMP bas been supported by projeds valued at U.S $2.12 billim, of 
which SI.4 billion wa"e provided by ADD and the WClI'Id Bank. 
S A pII'Illel ADD study of aaric:uJturc sec:tcJr supparts the finding that the ccmbiDatiClll of low 
irrigatioo 8)'Skm performlllCe and.pocr agrkuIturaI support sc:mces have caused aop yields and 
intensities to staplnt (Mjnislry of Agriculture, 1998). Ow:r the last eight )'aI'S new 
technologies, especially high-yielding rice wridies, have DOt been introduced. Input costs arc 
high ccmpaRd to the prices that fiumers receive far their produce, all ofwhidl arc frequently 
ClOIltrolJed by government monopolies. Credit facilities and marketing of agricultural produce 
ranain map concerns far firmers. 
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• The institutional setting aDd approach have not been supportive or appropriate. 
• Implementation of the policy aDd strategy has not been done pro~. 
• Allocation of resources supporting IOMP has not been suppol1ive. 
• The policy has often been implemented incorrectly. 
• The IOMP reforms have been too modest. 
Ill!!Pl'ropriate Institutional Settg and Amn'oacb. The mandate and responsibility 
for IOMP's implementation were never clearly defined. and there never has been 
an institutional "home" for IOMP in the Ministry ofPubJic Works (DGWRD). 
Responsibility for each program is scattered 8D¥)Dg muhiple central government 
agencies, and no one government agency has overall responsibility and authority 
for IOMP's successful imp1emcutation. 
IOMP's planning and decision-makings have primarily been hierarchical and 
generally top-down. Local government officials and fiumcrs are often unclear 
about their roles and responsibilities in the Turnover and ISF programs. For WUA 
establishment, for example, Ministry ofPubJic Works, DGWRD offices 
(BinLoIr/PTGA and PPSDA) are responsible for planning, while the Ministry of 
Home AfJBirs (BANGDA) develops regulations for WUAs. Likewise, in the 
Turnover program, BinLak office in DGWRD is in charge of planning and 
decision-making for construction, but PPSDA (also in DGWRD) is responsible for 
the institutional aspects. 
Mimmdergandjng of the Po!ic:y Content. There has been a geoeral 
misunderstandin ofIOMP's content. Though IOMP stressed mechanisms for 
increased funding for O&M, the ultimate objective of the policy was improved 
O&M performance and service. In the past 12 years, the funding focus took 
precedence over the perfol'lDlUlCe focus, perhaps because of the incorrect 
perception that the increased funding will result in improved perfonnaax;e. 
A good example of this misunderstandin of policy content is the ISF program. 
Originally planned to emphasize cost I'CCOVCI)' from beneficiaries aDd improved 
service, the program has changed into a pure ISF collection exercise. The laek of 
improved service has caused farmers to withdraw from the program. It was 
envisaged that by year 1996, ISF program would provide major share for O&M 
funds which would increase to 1 OOO~ by year 2000 (Fig. 2). Data in Fig. 3 clearly 
shows that what has actuaJIy happened in O&M funding is exactly opposite to 
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Fig.2. Projected Funding Sources for O&M 
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Inappropriate Allocation of Resources. In Indonesian government, budgets define 
programs. Budgets for IOMP institutional development activities (for e~le, 
fimner training) are extremely limited. WUA training budgets are less than 1% of 
construction budgets, and only 2% of system rehabilitation budgets in the World 
7S 
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Bank's nWMP Project. Even in nWMP's Turnover program, where WUA 
sustainability is absolutely crucial, WUA formation budgets are only 6-7% of the 
construction budgets (The World Bank, 1997). 
Target-Driven Programs. IOMP institutional programs are often too target-
driven, and tend to neglect the policy's real objective - sustainable O&M. IOMP 
performance monitoring bas focused on items such as area coverage (ba), revenues 
(lSF collections), numbers of WUAs established, but has neglected to emphasize 
and monitor sustaiDability and better O&M performance. 
Too Modest Reforms. Despite the seemingly significant innovations introduced 
into Indonesia by IOMP (e.g. turnover of irrigation systems), in reality, the actual 
reforms are comparatively modest. In the ISF program, ISF collections become a 
part of the district's local revenue (PAD), to be allocated and disbursed by the 
gOvernment. In the Turnover program, the government still maintains a large 
degree of control over irrigation functions, and the program began by emphasizing 
turnover of small 1 SO ha schemes.6 WUAs have been given the opportunity to 
attain legal status, but few of the WUAs know what to do with that status and ~i11 
rely on the government for direction. 
FUTURE POLICY REFORMS 
The fundamental issue for future policy reform is that even after massive 
investments in irrigation infrastructure and agricuhure support programs, the 
growth rate of crop yield and cropping intensity have remained low for aU major 
food crops. However, while past performance has been rather disappointing, study 
findings indicate valid opportunities for increasing food production. 
There is a good potential for improving rice yields and cropping intensity, both in-
and off-Java. Average rice yields of 4.0 tons/ha off-Java and 5.5 tons! ha in Java 
are low for Iowlaod paddy, 78% of which is irrigated. Yet. in some areas of Java 
and Bali rice yields ofs tonslha have been reported. Current cropping intensities 
of 1.7 for Java and 1.3 for the outer islands also are low. Cropping intensities of 
2.5 in irrigated lowlands of Java-Bali and 2.0 in irrigated lands outside Java are 
possible. 
61b.is might be COIIlpIImI to Nepal's Irrigatioo Management Transfer Program, wh~ irripti<ll 
S)'Stans of 10,000 ha size have been turned over to fiumers. 
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Strategy and Programs 
Large extension of irrigation system will not be a feasIble strategy for increasing 
crop production. at least the next five or more years. The government simply will 
not have the funds to develop new irrigation schemes. A primaIy option for the 
irrigation sector, therefore, is to increase food production through better 
management ofits existing resources; that is, improve crop yields and cropping 
intensity. This is an appropriate strategy since major problems with crop 
production seem to be due to inadequate management of irrigation resources and 
inadequate agricuhural support services. 
The emphasis on system management has been advocated before. Indeed, it was 
the primary motive behind the 1987 introduction ofiOMP. So, what current 
actions will help ensure improved management and not merely justifY more 
construction? 
Evidence indicates that public management of the irrigation subsector has been less 
than effective. The future policy must try the other available option -- namely, 
empower WUAs with responsibility for O&M of their irrigation schemes. The 
current policy 1iWs to recognize the central role offiumers in irrigation 
development and management. IOMP needs to be reformed in order to promote 
the centrality of f8rmers within irrigation management. Briefly stated, the 
ftmdamentaI strategy of the Refonned IOMP would be to: 
• Empower WUAs for better O&M in order to increase productivity of irrigated 
agricuhure, and 
• In the context of better management. consolidate existing irrigation resources 
for optimum use of available land and water resources. 
Fundamental policy approach would be to develop incentive systems that empower 
WUAs to routinely maintain irrigation schemes and provide reliable water supplies 
to the members. Also, WUAs and federations ofWUAs need to be involved in the 
provision of quality agriculture support services so that the users have access to 
better seeds and other inputs, at reasonable prices. In the long run, federated 
associations can use their economies of scale to help their members to establish 
market opportunities for non-rice crops. To support implementation of this policy, 
the study recommended five programs. 
77 
78 Irrigation and Drainage in the New Millennium 
• Empower and strengthen WUAs 
Institute a system ofwater rights that formally recognizes the rights of 
WUAs to manage public waters, 
Expand the rights ofWUAs to institute proper O&M programs, and 
Involve WUAs in requesting and supporting system rehabilitation. 
• Expand and accelerate Irrigation Turnover program, 
• Accelerate Irrigation Service Fee program with WUAs collecting and 
managing the funds. 
• Promote capacity-building programs to strengthen WUAs, and 
• Complete land and water resources in existing irrigation systems. 
Development of Sustainable WUAsfWUA Federations 
One clear finding ftom the study team's field investigation was that a strong WUA 
is an excellent indicator and predictor for improved O&M performance. The 
overall goals of a WUA development program would be: (1) improved. sustainable 
O&M performance, and (2) increased fiumers' income. The team reconunended 
following strategies for WUA development. 
Enmower Fanners and WUAs. Government regu1ations should empower WUAs 
legally and economically. WUAs should be authorized to collect uecessary 
management fees ftom their members and use it for proper system O&M Hehni 
(1997) bas suggested a three-stage process to encourage WUAs seeking increased 
income. First, WUAs should become proficient in routine O&M activities. 
Second, the WUAs need to request Government assistance in income producing 
activities directly related to water, for example small water storage reservoirs that 
can also function as fish ponds. The final stage would be to fBci1itate WUAs and 
Federated WUAs involvement in larger agricuhural activities such as aa:essing 
inputs and marketing produce. 
Direct WUA Assistance Programs .. The establishment and development ofWUAs 
should not promote a dependency on the government. Rather, government . 
assistance programs to WUAs should be in response to requests ftom the WUAs 
and focus on activities that the WUAs can and should perform on their own - for 
example, irrigation functions, bookkeeping for income generation activities, and 
the legalization process. 
WUA Federations. As WUAs take on added responsibility and authority in the 
Reformed IOMP, it is likely that WUA federations will playa Ial'ger role. With the 
current size ofWUAs at only 50-150 ba, the organizations are too small to have a 
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significant impact and to be able to recruit professional staff. WUA development 
efforts, therefore, should include specific prograrm to establish and develop larger 
WUA federations that can hire professional management staffwhile the members 
ensure the system is governed properly. 
Region-Specific Initiatives. WUAs or traditional fimner irrigation groups behave 
in wUque ways in different parts oflndonesia. The WUAs should be village based 
and incorporate and integrate local traditions into their development programs. It 
is critical that all WUA and WUA federation development programs and activities 
address the needs of the users and the villages, not the needs of the government. 
Accelerated TurnOVer Program 
Despite real probleltL'l in its implementation, much of the basic philosopby of 
turnover program remains sound. The program's goals and objectives are clearly 
in line with the Reformed IOMP's overall principles offiumer-based development 
and self-reliance. The accelerated turnover program would be based on the 
following strategies and reforltL'l. 
Turnover First. then Physical Improvements. The key to developing a more 
sustainable turnover program was adequately descn"bed by furmers: first develop a 
strong WUA, and then let the tanners request assistance from government for 
physical improvements. The current procedure of rehabilitating a system first 
before turning it over sends wrong signals to fiumers and government staff. 
Turnover ofJamer irrigation systems. There should not be any limitations on the 
sizes of irrigation systeltL'l turned over. The current approach offocusing on 
schemes 150 ha to 300 ha should be replaced with an incentive structure where 
district-level irrigation offices are rewarded for turning over larger schemes, even 
over 5,000 ba. In very large systeltL'l such as Jatilahur it is possible to have a two 
phase transfer program with WUAs taking responsibility for the secondary canals 
first, and a federated WUA eventually taking responsibility for the primary canals. 
Fanners' Contributions in Pbysicallmprovemen1s. WUAs need to be involved in 
physical improvements, including formalized cost-sharing arrangement. Fanners 
requesting improvements will be expected to make an equity contribution. either in 
cash, labor, and/or materials. In the second Irrigation Sub-Sector Project (ISSP-
II) project, the World Bank estimated that the level offiumer equity contribution 
was about 911;0 of the construction cost. The contnDution was mainly land and 
labor. 
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Role of the Government. Government irrigation officials would take on new roles 
as advisors, trainers, and supporters of the newly turned over WUA-managed 
schemes. The government would maintain control of the headworks and weirs 
since river flows 8nd downstream users would be affected. Presently, after 
rehabilitation and turnover, the government budgets for a turned-over irrigation 
scheme are reduced to zero. In their new role ofwater resource managers, local 
or semi-private agencies will be provided a public budget as needed to manage the 
water resource system. 
Irrigation Service Fee (lSf) 
The Govermnent bas already issued instJUctions to expand and accelerate the 
present ISF program. These instructions are in line with the proposed Refonned 
IOMP program and its increased emphasis on management of irrigation systems. 
The overall goals of the expanded ISF program would be to: 
• Improve irrigation service, management, and performance, 
• Assist with O&M funding, and 
• Develop the philosophy among fiumers that irrigation management is not free. 
The principles and strategies that will guide the implementation of the ISF program 
would be as follows. 
Simplify Institutions and Procedures. The ISF program should empower local 
institutions, including WUAs and WUA federations: this is its primary purpose. 
Government will assist, monitor, train, and provide guidance, but the true 
"executing agency" will be the WUAs themselves. The key decision-making body 
in ISF would be composed ofrepresentatives from the WUA or WUA federation 
with advice from local government officials (Camat. Kepa/a Desa), and local 
irrigation officials (Pengamat). This would be at the sub-district level; there is no 
need for a large, central bureaucracy with numerous forms, rules, and procedures. 
WUAs will collect and manage ISF. 
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Establish a Clear Link between the Providers and Consumers ofSeryice. ISF 
should concentrate on genuine O&M tasks and improved service and management, 
not on new construction. The fees collected from a scheme must all be used for 
improving irrigation service in that scheme. 
Improved System Q&M 
Key elements of an improved O&M program would be as follows. 
Institutional Incentives. Irrigation O&M is not exclusively a funding problem. If 
proper maintenance is not done, it is often because the current system of 
institutional motivation makes it a low priority item. The fundamental solution 
would be to reform the system of institutional incentives whereby routine 
maintenance becomes as attractive as construction projects. The first step would 
be to ensure that WUAs view themselves as the decision-makers. In the 
government. the functions of system development and management should be 
assigned to one local institution so that an evaluation oftradeoflS is optimally 
made. 
Institutional Accountability. There is fundamentally no accountabiIity from the 
suppliers ofmainteoance services to the users. IOMP tried to provide a direct link 
between the supplier and consumer of irrigation service by introducing ISF. 
Irrigation service fee is the correct way of introducing the link. but its management 
by government agencies has resuhed in fiWure. In the Reformed IOMP, the 
process will be reversed with WUAs responsible for collecting and managing ISF 
funds. 
Adequacy and Use ofQ&M Funds. It is correct that the government funds are not 
sufficient for proper O&M, but more funds would not necessarily resuh in better 
performance and service. Institutional motivations are simply against routine 
maintenance, and that needs to be changed first. A related problem with main 
system O&M is not only the lack offunds but also the way in which existing funds 
are used. Data indicate that wen over 6()O1O of the O&M funds are used for 
operational pmposes (salaries and office supplies, etc.), and the rest for 
construction related activities. 
At present, there are central block grants (INPRES) available to district-level 
offices. Few if any, of these INPRES block grants are used for irrigation O&M It 
may be necessary to make specific INPRES grants for irrigation O&M, ensuring 
that the funds are transferred directly to the district level offices and/or WUAs. 
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Monitoring and Eyaluation ofQ&M Perfonnance. There are a variety of ways to 
measure O&M perfonnance, but finding simple and practical methods to use for 
the diverse conditions of Indonesia has proved difficuh. Further, it is important 
that data are regularly analyzed and used to improve irrigation system 
perfonnance. This can be a very simple recording ofbasic infonnation such as: 
• Adequacy and reliability of water supply 
• Cropping intensity 
• Y'Jelds and fium incomes 
• Functioning ofWUAs including ISF collections 
• Planned maintenance vs completed maintenance, and 
• ConOict resolution. 
Resource Consolidation 
Optimwn use of existing irrigation facilities is in tune with the Government's tight 
monetary conditions. There are several irrigation schemes where the actual 
irrigated area is reduced by incomplete canal systems, incomplete land 
development, and water shortage. Completing the necessary inftast.ructure and 
land development optimizes the use ofland and water resources as wen as takes 
advantage of the sunken investment. Where water shortage is a constraint, in 
many cases, providing small storage reservoirs can relieve it. 
Table 3 swmnarizes reasons why the lands are not optimally used based on 
infonnation from field visits. As expected, the reasons vary widely, but the 
common themes are as follows. 
• Shortage of water is one major reason why some service IR8S are not 
irrigated. Most schemes are run-of-the.river systems and the abundant water 
supplies during the rainy season are not stored. Small off-stream storage 
reservoirs can be very effective in alleviating this constraint (Achmad Fagi, 
1994). 
• Tertiary channels and control structures are not provided, and the lands are not 
yet developed to paddy fields. Most often. however, some of these lands may 
be used for plantation crops such as coconut and coffee since rice is not as 
profitable. 
• Incomplete main sYstem including the absence of main water delivery canal and 
related control facilities. Many irrigation systems are de'W:loped on a modular 
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or "piecemeal" basis so that, in the first phase, only a weir and a limited length 
of main canal are built. The system is then enlarged in successive years. 
depending on the availability of project funds. 
Table 3. Reasons for J1lCOmplete Use ofIrrigation Resources - Examples from 
Field 
Province! Design Area Actuallrrg. Improvement ~s 
Scheme (ha) Area(ha) Potential (ha) 
West Java 
Padawaras 6,000 80 2,500 Land and tertiary 
systems not developed. 
Some area under tree 
Central Java aops. 
DumpiJ 11,300 2,000 9,300 
Insufficient water 
Lanang 1,817 0 1,817 supplies. 
Main supply system 
from reservoirl weir 
not rompleted. 
W!!!!!~umatra 
Lolo1'uhur 658 213 Nme 445baalready 
c:onva1ed to coffee. 
GaloGadang 1,111 758 353 Insufficient water, need 
small village reservoirs 
LubukBuaya 1,568 300 1,268 to store water. 
1,864 
Main system including 
Batang 968 896 weir needs repairs. 
Surantih 
Need rdlabilitatim of 
main system. 
Sourte: Informatlm from W.Java, CJava and W.Sumatra Provincial Wit« Resources Servaces, 
1998. 
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CONCLUSIONS 
Indonesian stakeholders must broadly rethink agricultural and ruraI development 
strategies. A resource-based recovery provides the best approach to stimulate 
economic growth and address food security, poverty. and income distribution 
concerns. Controlled prices and subsidies have confused the market and reduced 
furmers' economic incentives. Food security will not be achieved until the furmers 
know that they can make a reasonable profit. Policies to emure fiUr prices must be 
implemcnted as a foundation for sustainabte irrigated agriculture. 
The cballenge to irrigated agriculture in Indonesia is to sustain food security while 
expanding into more flexible, diversified cropping. Improving cropping intensity 
and yields, rather than developing new irrigated lands can efticiemly increase 
Indonesian food production. Comparatively low cropping intensity and yields 
clearly imply a lack of good management ofland, water, and production inputs. A 
fundamental emphasis on proper management of irrigated agriculture is required. 
Public management of the irrigation subsector has been less than effective. Future 
irrigation policy should try the other option: enable the fiumer communities to 
ac<:ept respomibiJity for their irrigation systems. The current IOMP policy needs 
to be reformed to promote the centrality of furmers and WUAs in irrigation system 
management. 
Sustainable irrigation requires a system of institutional incentives that establishes 
accountability in the relationship between the providers and users of irrigation 
service, and inspires them to properly operate and maintain irrigation tBcilities. 
Reformed IOMP would encourage following programs. 
• Reinforce the commitment to the Irrigation SerYioe Fee (ISF) program. This 
meam a simplified program that ensures funds raised are used in the irrigation 
system where they were collected, with the users having a final say over how 
the funds are expended. 
• Expand the successful Irrigation Turnover program to eventually include all 
public irrigation systems. The size of the schemes need not be a IimitiDg tBctor. 
The program also needs redesigning so that no rehabilitation is done until after 
tnmsfur, wben WUAs can make inputs on the nature of improvements. 
• Recognize the ceotraI role offiumers and their WUAs. WUAs should be in 
charge of their irrigation systems, with a federation ofWUAs responsible for 
plauoing water allocation and main canal maintenance in larger schemes. 
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BENCH TERRACING 
A COST EFFECTIVE ALTERNATIVE TO TRADmONAL IRRIGATION 
IN THE PHILIPPINES 
John E. Priest) 
ABSTRACT 
The case study presented in this paper, a pilot program for the construction of 
pennanent bench terraces throughout the Philippine islands, was designed to 
increase grains production at costs that would be competitive internationally. 
Additionally, the terraces would alleviate the severe problem of hillside erosion 
that currently is silting rivers, reservoirs and canals. Compacted dikes would form 
terraces for capturing all depths of rainfall, in-place. for crop production. With the 
generally predictable rainfall regimes particular to each island of the Republic, 
one to three high yielding crops could be produced annually without the 
construction oftlood-wlnerable diversion works, reservoirs, and long canals. 
A Pilot Project was designed to achieve construction of some 1400 separate 
terraces averaging SO hectares each, in several areas of the three regions of the 
country - Luzon, Visayas, and Mindanao. For execution of the project, the central 
government cou1d decide to purchase equipment and employ personnel to 
complete construction. Alternatively, the central government could elect to 
contract construction and engage local government to provide legal, social, and 
administrative support. The landowners, in this case, likely would enter into a 
tripartite contract with a bank and a developer, not with the government. 
For either scenario, the objective of the pilot program would be to demonstrate to 
landowners, nationwide, that they could come together and transform now largely 
unproductive hillsides into land that could produce high yielding crops of maize, 
sorghum, millet and grain amaranth. Besides encouraging private investment on a 
broad scale, it was anticipated that through the pilot program, local government 
would gain expertise and resources. Local government and landowner cooperation 
would be of critical importance because then on-going reforms had subdivided 
land to an extent that would require a range oflegal and social actions to re-
aggregate small holdings into viable project blocks. 
Development costs would approximate US $800 per acre ($2000 per hectare), 
1997/98 prices, whether carried out totally as a private development or as a 
government program. 
) Consultant and Executive Vice President, RDT International, 2442 West Dry 




Irrigation and Drainage in the New Millennium 
OBJECTIVE 
The objective of the combined policy proposals of this author was to realize the 
mobilization of private resources for expansion of com producing lands and the 
focus of available public resources for the expansion of rice producing areas of 
the Republic of the Philippines. 
INTRODUCTION 
During the decade of the 19908 agricultural trade worldwide was bberalized. 
Rules changes for agriculture within the framework of the World Trade 
Organization (WfO) and the then evolving preferential trade rules among the 
ASEAN countries required that fundamental modifications be made to the policy 
foundation and the structure and operations of the grains sector in the Philippines. 
Consideration of policy options required that a thorough review be made of the 
conditions that prevailed with the infrastructure of the Nation and how the key 
organizations were constituted. operated and financed. 
The Grains Project 
To address the considerable anti-competitive, inefficient distortions that hid 
arisen in the agricultural sector. the Department of Asri<:uJture (DA) of the 
Philippines secured funding from the Asian Development Bank. The financing 
was used to develop a set of policy initiatives. The policy initiatives addressed 
institutional capacities, issues and constraints that restrict efficient production of 
grains. and modifications to infrastructure required to release constraints and to 
increase cost-competitive agriculture. 
Development Alternatives Inc. (DAI) of Bethesda, Maryland was awarded a 
contract to assist the DA with the development of a set of policies and companion 
programs that crosscut all sectors and institutions that affected grain production. 
The policies and programs analyzed and proposed varied ftom those for research 
and marketing to the construction of works. It was as a member of the DAI team 
that this author carried out a broad study of bow to rehabilitate and expand 
deteriorated inigation systems largely dedicated to rice production. 
As well. water law and legislation was studied and policies were drawn to guide 
reorganization of the administration and use of water. Fonnulated was an 
organizational framework of governments and water user organizations to 
undertake sustainable operation, maintenance. and rebabilitation of existing 
irrigation systems with minimal input of financial resources by the Federal 
government. 
Bench Terracing in the Philippines 
The bench-terrace case study was formulated in recognition of the impossibly 
large financial commitments required to rehabilitate and to expand the irrigation 
systems of the country. Ofequal importance was the need to introduce a program 
that would facilitate and hasten the on-going devolvement of many technical. 
administrative, and coordination functions away from the central government to 
provincial and local units of government (LGUs). 
It was assumed that following implementation of the proposed Pilot Project, and 
if there would be continuing allocation of adequate financial resources, LGUs 
would have considerably enhanced capacities to directly support cultivators. Such 
support would be expected to emerge as traditional extension services to irrigation 
farmers and as the support necessary for the conduct of a program ofbench 
terracing which would be financed and carried out by private interests, ie 
entrepreneurs. 
Threat of Erosion 
The Congress of the Republic and the World Bank both had identified erosion of 
the volcanic hillsides as the defining threat to the environment. Hillside erosion 
had filled river channels such that even small frequent floods overtopped levees 
and damaged hydraulic structures. Topsoil on hillsides is naturally shallow. Thus 
any erosion results in diminished capacity for supporting desirable vegetation, 
cultivated or natural. 
Simplicity and Economy of Bench Terraces 
Bench terraces effectively are lineal reservoirs with the entire terrace constituting 
the catchment area and the soil profile affording storage. Effectively the water 
supply is derived through subirrigation. The dike heights were designed to retain 
the precipitation of a typhoon. 
Designs and costs were developed at the recormaissance level for the fonnulation 
of policies to be adopted by the govermnent of the Philippines and for use in 
securing international financing for the bench terracing and companion programs. 
It was estimated that bench terraces could be constructed for approximately US 
S800 per acre ($2000 per hectare). By contrast, construction of irrigation works, 
with storage and hydraulic capacity adequate to assure a low risk of crop failure 
would require an initial investment in excess of US $4000 per acre (SIO,OOO per 
hectare). In fact, costs for large-scale reservoir storage, major conveyance, 
diversion works, and the on-farm development of the land, a drainage system, and 
minor canals could cost as much as US S7500 per acre (S30,000 per hectare). 
Farmers would be capable of maintaining and repairing dikes and drainage works 
of a ~erraced area under most circumstances. It was anticipated that the farmers 
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would be part of a cooperative -through which they would be able to pool 
resources and secure the support of provincial and local govenunents. 
Grain Production 
Rice is irrigated whereas com largely is produced from rainfall. Rice and com are 
the two basic grains for human consumption and for animal feed. When com is in 
short supply. rice is used as animal feed. Changes to the trade agreements 
occurred even as the demand for grain was increasing some three-percent per year 
and supply was declining. It was during the first half of the decade of the 19908 
that the area of com harvested decreased 4.9 percent while the availability of rice 
decreased precipitously during 1995 due to a combination of circumstances. 
Condition of Infrastructure 
Major irrigation projects. with a few exceptions, are serviced by low gated 
structures that lie across river channels. Often the channel has filled with sediment 
upstream from the structures. and levees have been built to prevent water from 
flowing overbank. These structures and levees sustain severe damage or 
destruction when a typhoon centers or passes over their drainage basin. It was due 
to the occurrence of several severe typhoons, earthquakes. and the volcanic 
eruption ofMt. Pinatubo that several sizeable blocks of agricultural lands were 
lost to production during the 1990s. 
In-place programs for operation and maintenance (O&M) and for rehabilitation of 
typhoon damage were reviewed by the author and were identified as totally 
inadequate. Their shortfalls occurred due to under-funding of tile responsible 
agencies and the inability offarmers to retain their water taxes and dues for direct 
use for O&M. The resulting severe lack of O&M and rehabilitation money was a 
major determinant of the level of grain. production realized during the 19908. 
On-goinB Legislative and Administrative Programs 
In the context oflegislative and planning programs. far-reaching eft'orts,were in 
progress to catalyze grains production to higher. more economic levels: These 
programs dealt with project planning and legislation regarding 
decentralization/devolution offederal functions to the provinces and LOUs and 
with the strengthening of cooperatives in conjunction with the program ofland 
distribution. The demand for a limited supply of land had resulted in the breakup 
of large holdings into non-economic units with many smaJI holders of limited 
financial capacity. To ~er the economic effects the goyernment was 
promoting the reorganization of cooperatives to bring together the many new 
small-landowners. 
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The second program related to the devolution of governmental functions from the 
Federal level to the local level. The program of devolution had yet to be funded 
and supported for startup. It was the anticipated increase oflocal capacity, 
however, that was the basis for the training component of the proposed Pilot 
Project and the incorporation of the principle of extension support by LOUs of 
future landowners and entrepreneurial activities. 
Agrarian Reform: The Department of Agrarian Reform and the Department of 
Environment and Natural Resources had distributed 9.25 million acres (3.7 
million hectares) ofland to small farmers and workers, including 0.5 million share 
tenants, through the Comprehensive Agrarian Reform Program, implemented in 
1987. During the period from 1987 to 1996, three associated activities with 
importance for the future potential increases of grain production were undertaken 
and required funding. The activities were: 1) agrarian reform communities which 
would serve as the focal point of reform activities and interaction between 
government and beneficiaries, 2) the expediting ofland titling through a 
memorandum of agreement between the Department of Agricultural Reform and 
the Land Registration Authority, and 3) coordination with the Land Bank of the 
Philippines to simplify the process ofland valuation. 
Effects of Devolution: Devolution had the potential to place decision making 
closer to recipients and, thus, to be more responsive and efficient than programs 
operated from a central bureaucracy. Devolved agricultural extension staff were 
experiencing considerable difficulties, however, in securing administrative and 
financial support. Even though agriculture provides some 43 percent of 
employment, the need for training, budget and infrastructure were not commonly 
recognized. 
It was observed that devolution temporarily had slowed or stopped programs that 
formerly were run by a centralized bureaucracy. It was for this reason that both 
the proposed hillside agriculture program and the in-place irrigation systems were 
viewed as important to the securing of resources for equipping and training local 
administrative and technical staff. 
Conditions for Re-aggregation of Small Holdings 
The program for the breakup of large land holdings and the distribution of these 
lands in smaII parcels to the landless has created technical, legal, and social 
challenges for the implementation of a successful national program of terracing, 
Only if the new small holders would join a viable, active cooperative that could 
secure the advant.ages--of strensth in numbers, would there exist the conditions 
required for government or an entrepreneur to negotiate agreements for the 
financing and physical development of large tracts of land. 
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Problems could occur. for example. because dikes and drainage ways would 
occupy some 20 to 25 percent of terraced areas. Consequently the cultivable 
terraced land would have to be proportionally distributed or the produce would 
have to be marketed proportionally. 
Similarly the soundest opportunity for recovery of investment costs would occur 
with the execution of finn agreements drawn before the start of construction. If 
legal. technical and financial staff of LOUs would be properly funded and trained 
during the execution of the Pilot Project. they should be able to support and even 
spearhead the drawing of pre-construction agreements subsequent to the 
execution of the Pilot Program. Thus. it was assumed that staff of local 
governments would facilitate the preparation of triangular agreement among 
landowners. banks. and entrepreneurs. 
Widespread bench terracing could be an important catalyst for the successful 
devolution of responsibilities from the centra1 government to LOUs. 
Environment 
Climate and weather were recognized as both an asset and an impediment to the 
production of grains. Intense rainfall was eroding the topsoil from hillsides and 
was clogging the rivers and canals. Yet rainfall originates from four great global 
systems to the benefit of rainfed agricuhure either year round. as in northern 
Mindanao. or seasonally as on the northern end of Luzon. Understanding of the 
climate of the archipelago is essential to a full understanding of the potential for 
hillside agriculture. 
Conclusion Resarding the Future of the Irrigation Promm 
The author realized early that no matter how artfully revenues would be collected 
and disbursed by the government. they would be inadequate. Revenues were 
required to support a sizeable national bureaucracy for operation. maintenance. 
and rehabilitation of typhoon-ravaged existing irrigation systems, even as efforts 
were underway to free up monies for construction of new or expanded are&$ for 
irrigation. Construction of large new irrigation systems would require substantial 
inputs offront-end capitaI. perhaps US $2500 to $7500 per acre ($10.000 to 
$30.000 per hectare). Also lands still to be developed would be those that would 
be technically difficult to service and would require high unit cost investments to 
develop low risk agriculture. 
As shown below. extensive land areas could be developed on hillsides to produce 
one to three high yielding crops of com per year based on a system of terTace$ to 
retain all rainfal~ even that of typhoons. Costs would average some US $800 per 
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acre (S2,OOOi ha) depending on the cost of diesel fuel and the necessary profit to 
motivate the mobilization of substantial private resources. 
It was this recognition, coupled with a study of legislation before the National 
Congress, which led the author to focus on the potential for rapid, extensive 
expansion of the area dedicated to the cultivation of com. 
mE HILLSIDE PROGRAM 
A hillside agriculture program would represent the best means to set the farmer of 
the Philippines on the road to prosperity and international competitiveness. The 
objective was to greatly expand acreage dedicated to grains and to reduce hillside 
erosion and consequent sedimentation. This would be accomplished with a 
program of bench terracing modified to create permanent dikes. 
A bench terrace, as designed for the Pilot Project, would be effectively a total 
self-contained water supply system within the confines ofan agricultural field. 
Similar to an irrigation system, the dike impounds rainfall on-site, the water is 
throughput to storage in the soil profile through infiltration, and it is returned to 
the crop through a form of sub-irrigation. 
It would be important that the government would implement a Pilot Project to 
demonstrate to farmers, entrepreneurs, and local governments that much would be 
gained by a nationwide program ofbench terracing. A program for the 
development ot: say, 140 12S-acre (SO-hectare) parcels would provide for the 
training of equipment operators across all three island-groups, Mindanao, Visayas 
and Luzon. Farmers would immediately realize the great benefits, local 
governments could learn their roles, and entrepreneurs could be introduced to a 
potentially profitable undertaking that would continue for 20 years or more. The 
stock ofland with slopes between 5 percent and 20 percent is extensive across all 
the islands. 
Bench Terraces 
Bench terracing, as defined for purposes of this analysis, would be a series of land 
terraces each of which would lie along a topographic contour on a hillside. Such 
terraces could readily be formed on hillsides with slopes of 5 to 20 percent and 
where the total soils mantle would be.adequately deep. The steepness of the land 
slope and the depth of soil would determine the width of terraces. It was noted 
that, for legal reasons, terracing likely would be limited to lands with slopes not in 
excess of 18 degrees (20 percent). It would be lands with slopes below 18 degrees 
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that could be "alienated" and "disposed" to private ownership for agricultural 
uses. 
For example. as is shown on Fig. 1, lands with 10 percent ofnaturaI slope and 
topsoil with a depth of approximately one-half meter could be benched with 
terraces 10 meters wide without exposing the subsoil on the uphill side of the 
bench. Should the depth of the topsoil be less than 0.5 meters, the bench would 
best be formed with a lesser width. Or, topsoil could be stockpiled or moved into 
areas of shallow soil depth. 
Water Balance on the Terrace 
As may be seen on Fig. 1, dikes would be constructed about one meter high on 
their uphill side. When the leveling would be completed, there would be about 40 
to 60 centimeters of dike freeboard. This freeboard, along with infiltration during 
a storm, should be sufficient to contain all but the most extreme rainfiills. Pipes 
would be installed near the tops of dikes to permit controlled downhiIl flow of any 
rainwater that otherwise could overtop the dikes. 
There are four climatic patterns that influence rainfall across the Philippines, Fig. 
2. Air streams that enter the Philippines from differing directions determine these 
four zones. The air streams are the Northeast Monsoon, the North Pacific Trades, 
the Southwest Monsoon, and the South Pacific Trades. Generally it is only the 
Northeast Monsoon that brings rains during the November to March period. Thus, 
with the exception of Mindanao, it is not coincidental that the western sides of 
mountains receive little or no rainfall from November to April. It may be that 
rainfall occurs throughout the year in Mindanao because the island is affected by 
the instability of the Intertropical Convergence Zone most of the year as it is near 
the equator. 
Fig. 3 presents a prefeasJbiIity level risk analysis that would need to be made in 
more detail for each area prior to development. 
Cropping 
The level shelf would retain a water supply adequate for dry-season cultivation of 
high yielding grains such as, maize, amaranth, sorghum or millet as well as 
providing the opportunity for cultivating high value vegetable and tree crops. The 
terraces would be designed to widths that would permit mechanized cultivation. 
Crop selection and planting dates should be made on the basis of average and/or 
some dry year rainfall basis. If it is common, as in western Luzon, that an area 
would experience an abrupt secession of rainfall during the month of November, 
and knowing the probability that there would be little or no rainfaII for five 
months, then farmers should be advised to plant drought tolerant crops. In other: 
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Fig. I. Bench Terrace, 10 Percent Land Slope 
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Data Used Rain&Il record for Camp Phillips. Bukidnon, 1962 to 1989 
Assumption 
+Gram crops an: 10 be planted in September or October and May or June. 
-+Consumptive usc for com is 400 nun CMI' a period of 3.S IIIOIlths, is 300 nun for grain 
sorghum or grain IIIIIII1IIItb, 8Dd 200 nun for millet. 
+lfOctober is the DIIIIIIh for pllllling 8Dd the soil moisture IaCnOir is nearly fiill at the 
CDd of the niDy seasoa, then rainfall of 300mm daring the NOYeIIIber, December, Jamwy 
period will be sufIicieat 10 water a com crop, with 0Dly 200mm being requiRd for grain 
amaraoth or sorghum, aDd 100 nun 10 mature a mi11et crop. 
Risk Test 
+IDspec:tioD of the rainfall record shows that tota1 rainfall during the May 10 August 
period is more than adequate for maturing a crop of com during m:ry year of the 28--yar 
record. 
+ Aggrcgale rainfall is shown for the October through Jamwy period, in the table below 
10 test the viability of c:nlIlPing com iDto the early calendar year dry season. 
ANALYSIS OF RAINFAlL ADEQUACY 
FOR OCTOBER mROUGH JANUARV GROWING SEASON 
CampPhillip5. Bukidnon 
V_ 0I:eabIw NoorIDID'Ja y- CbIIIer 
1962111163 ..... 19'M11m 
64 - 230 • 71 1964Il1l65 400+ 79 66 201 224 19791J_ 
67 400+ II 
68 32! 12 
69 166 'J61 13 161, 
196911970 321 .. 
11 .... 19I4IIMS 
12 311- • 73 ~ 17 













It is JICltcd that during oa1y oac se8SOIl in 28 yaus (196210 1989) was rainfall marginal for a com 
CrqI pIaDted in October ud IDIItUIed duriDg the November throuP J8IIII8Iy period. 
InspcdioD of the fuU JDOaIJIly record also indic:atcd that WIler supply would be more than acbpIatc 
r:vecy year for a crop pIIDt.ed in May or JUDe aDd matured by August or SepIember. 
Further, should farmers ofBalddDon wish 10 pIaIlt a grain crop during the Jamwy through April 
Period rainfall would be IIIIqinaI I in 4 yaus except for mi11et crops. 
Fig. 3. Critical RainfiIll Period for Hillside Grain Production, Northern Mindanao 
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areas of the Country, such as in Mindanao, pests permitting, two high yielding 
crops could be planted and there could even be scope for cultivating a third short 
season vegetable or fodder crop. 
Implementation 
Proposed was a Pilot Project with the objective of promoting a nation-wide 
program of treating hillside tracts ranging in area from only a few hectares to 
those that cover entire slopes comprised of hundreds ofhectare8. The four-year 
pilot program would realize the construction ofbench terraces in some 140 areas. 
Areas would average 125 acres (50 hectares) each. Approximately 17,500 acres 
(7000 hectares) of land would be treated. The primary objective of the program 
would be the establishment of trained cadres of technicians at the provincial and 
local levels along with the mobilization of private resources. Private resources for 
the Pilot Project largely would be in the fonn of1abor, whereas if entrepreneurs 
would be attracted to extend the program to other areas the financing should be 
essentially all private. 
It was expected that landowners, farmers, and their cooperatives would recognize 
the major levels of crop output that could be obtained with modest investment 
required per hectare and with very modest requirements for maintenance by each 
cultivator. It, also, was expected that entrepreneurs would recognize the 
possibilities for organizing their own machinery pools and providing the 
mechanized service for bench terracing to fanners for a fee. Thus, a second 
component of private funding would be mobilized and would contribute to 
acceleration of bench terracing at a rate greatly in excess of that achieved by the 
pilot program, some 17,500 acres (7,000 hectares) over a four-year period. 
It would be essential that entrepreneurs and bankers be included at one or more 
stages of the training and implementation cycles of the Pilot Project. It then 
should be relatively simple to foster triangular organizations of fanner, banker, 
and entrepreneur. Contracts would be drawn and would specifY that the bank 
would reimburse the entrepreneur directly for his terracing operations upon 
receiving a signed certificate from the landowner. The landowner would then pay 
the bank at the end of each cropping season until the debt would be retired. It 
should be possible for the fanner to retire the full debt and interest in just a few 
seasons where two high-yielding crops could be cultivated. 
Particularly essential to sustainability of the program at a technical assistance 
level and at the extension level for high crop productivity would be continuing 
funding and administrative support to local governments. Local government 
would in turn provide technical and equipment support to fanners both during 
construction and following, during cultivation. 
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Contractual Considerations 
Contracts would be drawn between landowners/cooperatives and government for 
the Pilot Project. Thereafter contracts would be drawn among 
landowners/cooperatives. entrepreneurs and banks. Of prime importance to the 
launching of the Pilot Project would be how to create a sustainable program that 
eventually would realize the recovery of tens of thousands ofhectares nationwide. 
Among considerations could be the establishment of a short grace period before 
farmers and cooperatives undertake amortization of the physical works. This 
would pennit DA or LOU extension staff and the farmer to assess the productive 
capacity of the soils of the terraces, adjust crops and inputs, and give fanners a 
chance to progress from subsistence level operations to a production level that 
would sustain the farm family even as it would undertake repayment. 
TERRACE CONSTRUCTION, PILOT PROGRAM 
MlProach 
It was proposed that six teams with tracked vehicles would be formed to 
accomplish construction of terraces on about 150 hectares ofhillside lands per 
month. Each team would be equipped with the equivalent of a Caterpillar 
Challenger for rapid cl~ ofland. Tracked D-4 and D-6 bulldozers would be 
used to strip and stockpile or reposition topsoil. The dozers then would work with 
tracked frontend loaders to cut terraces and push the soil into dikes. 
Laborers equipped with portable power equipment would shape and compact the 
dikes to their final grade level and shape. Laborers would position drainpipes to 
the specified locations and elevations. 
Following dike construction small tractors and the Challengers, if still at the site, 
would assist fanners with preparation of the benched lands for the planting of a 
first crop. Initially the benches may not be perfectly level, but early cultivation 
could be oriented to promote finaJ leveling through erosionofunexcavated soils 
from the high side of a terrace 
The equipment teams would be supported and supplied by a fleet of 4-wheel drive 
pickup trucks, passenger vans, lowboy tractor-trailers, fuel tankers, and 
maintenance vehicles. 
Professionals and technicians would lay out the Plans. prepare area maps, survey 
soils, and stake the sites. The plans would detail each operation in terms of the 
sequential use of the different machioes and specify for each operator the intended 
paths of earth movement whether it would be uphill, downhill, or along the 
99 
100 Irrigation and Drainage in the New Millennium 
contour. ne objective would be to minimize the reworking of the same material 
several times. Stockpiling of topsoil also could be minimized, for example, by 
directly depositing soil stripped from a new part of a bench onto a part of the 
bench that already would have been diked. 
Areas would be selected and dikes would be designed and sited to minimize the 
need to rework and improve existing drainage ways. 
Implementation 
At least six months would be required for training and mobilization prior to the 
start of programmed construction. Required would be the indoctrination of 
federal, provincial, and local govenunent decision makers and the assembly of 
equipment for the start of training of a cadre of operators. Program planning and 
indoctrination and training functions likely would be carried out by a consultant 
organization. Staff of the consultant would include experts in bench terracing and 
personnel experienced with the conduct of training and coordinating with staff of 
local government. 
Specifically, the design and execution of the four-year Pilot Project sbou1d: 
1. Detai1 the program. 
2. Mobilize the necessary equipment, training resources, and personnel. 
3. Conduct a training program at the national level for professional and 
technical staff of the extension ann of the DA, the Bureau of Soil and 
Water Management (BSWM) of the DA, and the National Irrigation 
administration (NIA). Training of extension workers and engineers at 
provincial and local government levels would follow the national program. 
Possibly bankers and entrepreneurs would be invited as observers at this 
stage of preparations. 
4. Select pilot areas in the several provinces, sign contracts with 
beneficiaries, fanners and/or cooperatives, then carry out the detailed 
topographic and soil surveys for specific areas. It was suggested that it 
would be most efficient to collect data in a form that would permit 
preparation of a grid layout of topographic and soils information. 
S. Assist owners ofland tracts, large and smaIl, to form cooperatives for each 
target area. The cooperative would be dedicated to the purchase of 
necessary inputs and marketing. Again it could be timely to involve 
bankers and entrepreneurs. 
6. Design the earthmoving operations to the detail of: a) the precise 
equipment passes that would be made, and b) the sequence ofhand 
operations to compact and dress dikes and possibly to re-distribute topsoil 
that may have been stockpiled. Consider whether the area has trees 
(coconut or other) to be preserved. In this case there would be an 
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opportunity tor intercropping. Entrepreneurs should be invited to the site 
for observing operations that they may be able to provide in the future for 
areas outside those of the pilot program. 
7. Provide on-site extension services to farmers, guiding them through the 
cultivation practices that should be followed while the terraces would be 
brought under cultivation. Extension workers would help fanners select 
which of the grains would be best for growing on their soils. assess what 
dependable soil moisture conditions would be with a particular rainfaII 
conservation regime, and identifY marketing prospects for the produce. 
Purchase of equipment, costs for four years of operations and the funding of 
project design and a training program would total nearly $15 million for a pilot 
program to develop 17,500 acres (7000 hectares). Some 20 percent of the total 
would be for diesel fuel and lubricants at a cost of US SO.65Iliter. Also, from the 
perspective of economics, after four years the machines would have a salvage 
value of$3.5 million. Gross costs of purchases and operations would be 
approximately as follows in 1997/98 US dollars: 
Consulting Contract and Training Components 
Equipment Procurement - Challenger Tractors, Bulldozers 
Vehicles, Tractors, Trailers, Pickups, Vans and Tools 
Operation Costs • 








• Computed in the format of the Caterpillar Performance Handbook 
CONCLUSION 
The draft of House Bill No. 9820 of 1997 recognized that there were vast areas of 
sloping land being used by hillside farmers who were existing at or below 
subsistence level. The bill proposed Sloping Agricultural Land Technology 
(SALT) be implemented nationwide over a period otthree years to promote 
comprehensive rural development. The benc:h terrace program proposed herein 
would provide a highly specific technological component to address the concerns 
that motivated the original legislative proposal. The bench terrace program likely 
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would continue for 20 to 30 years and result in the terracing of perhaps 1,250,000 
acres (500,000 hectares) before it would begin to decrease in intensity. 
The following is largely a qualitative evaluation of the bench terrace technology 
and the proposed modality for accomplishing a pilot program. The technology 
should spread throughout the provinces if there were to be a vigorous extension 
campaign. The campaign could be conducted by the DA through the BSWM at 
the national level and at the farm level through the staffs oflocal govenunents. 
Cost Evaluation - The cost of a full-scale program should approximate US $800 
per acre (S2,OOO/ha). This general level of cost should hold true for the Pilot 
Project of the government as well as with private entrepreneurs running the entire 
operation with some level of support from the Local Units of Government. 
Financial Evaluation -- The most important financial effect would be the potential 
for involvement ofIandowners and entrepreneurs and the consequent mobilization 
of private resources. 
Environmental Evaluation - The primary environmental benefits of bench 
terraces would be two-fold: reduction of hillside erosion and the reduction of 
flooding through water conservation. As well there would be a major increase in 
the stock of productive lands of the Nation. 
Social Evaluation - The building of close working relationships between 
extension staffs of the provinces and "dry land farmers", coupled with the 
assumption of the need for conservation by landowners, should be the most 
enduring aspect of the program. Further the restoration of hillside lands to high 
productivity should partially arrest the migration offarm workers to urban areas. 
Local Government-Landowner Partnership - Participation of administrative, legal 
and agricultural extension staff of the LGUs in the pilot program would do much 
to facilitate devolution. And, should the MDF program for funding of provincial 
and local governments be successfully implemented, the LGUs should have the 
capacity and vitality to support and sustain an aggressive program ofhil1side 
agricultural development. 
GIS-BASED MANAGEMENf SYSTEM FOR IRRIGATION DISTRICfS 
Guy Fipps' 
ABSTRACf 
In 1998, eight irrigation districts in the Lower Rio Grande Valley of Texas 
initiated efforts to develop GIS-based District Management Systems (OMS). 
This paper provides a description of GIS (geographical information system) as 
applied to irrigation districts, its potential for improving the day-to-day 
management of districts, and the progress and difficulties encountered by the 8 
districts in GIS mapping and implementation. Examples of how districts are 
using GIS are given, along with the value and use of the DMS in a regional water 
planning project. 
lNTRODUCflON 
The Lower Rio Grande Valley (Valley) is located at the Southeast tip ofTexas 
and contains 28 irrigation districts (Fig. 1). The Region has approximately 
740,000 irrigated acres and uses 1 to 1.4 million ac-ft of water a year to grow a 
wide range offtuit, vegetable and field crops. Just across the border in Mexico is 
a similar irrigated region containing about I million ac. All the water used in the 
region comes from the Rio Grande River which is divided between Texas and 
Mexico as stipulated by international treaty. 
The region is also one of the fastest growing areas in Texas, and the water 
demand of municipalities and industries is also rapidly increasing. Water to meet 
the increasing demand must come from agriculture which holds 90% of all the 
water rights in the basin. A state-mandated regional water resources planning 
effort is currently underway which includes a detailed analysis of the current 
conveyance efficiencies of the districts. Planners are attempting to determine 
how much water could be freed up for other users through improvements in the 
districts and with on-farm irrigation. 
The region is also entering it's 5· straight year of reduced water supply due, in 
part, to a drought in the Lower Rio Grande Watershed of West Texas and 
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Figure 1: The main distribution canals of the 28 irrigation districts in the Lower Rio Grand Valley 
ofTcxas. and the 8 districts implementing GIS-based district management systems. 
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GIS-Based Management System 
Northwest Mexico and severe regional droughts in 1996 and 1998. Irrigation 
districts are beginning to recognize the need to restructure their distribution 
systems, management decisions, and operating methods in order to improve 
efficiency. 
In 1996, Harlingen Irrigation District and the Texas Agricultural Extension 
Service (T AEX) began an effort to develop visual system using GIS 
(geographical information system) that would allow the district to visually display 
and analyze all data used in daily district management After evaluating several 
GIS options, ArcView was chosen as the GIS-tool for this effort. In 1998, 
Harlingen and 7 other irrigation districts began GIS implementation with 
technical support provided by T AEX and the DMS (District Management 
System)Team in the Agricultural Engineering Department of Texas A&M 
University. A description of this program is provided by Fipps and Pope (1998). 
This paper reviews the progress of GIS development and implementation since 
1998. 
GIS IMPLEMENTATION IN DISTRlcrs 
We have developed a program that encourages GIS development and 
implementation in districts through a step-by-step process. Keys to our success 
have been focusing the following: 
demonstrating ways in which GIS management systems can be a 
benefit .and an important asset to the district, 
teaching the practical applications of Arc View and making 
suggestions as to what steps should be taken in what order to build 
GIS-based maps and databases, and 
providing continuous support in the process at each level, from the 
initial introduction to the software, to the confident use of 
ArcView as a daily management tool. 
Common Uses For GIS in Districts 
To encourage continuing progress in GIS development by districts, we focus on 
aspects that are the most beneficial based on their current stage of GIS 
development. These include the following. 
Map Makin,,: Accurate and up to date maps are vital for daily operations. GIS 
allows districts to quickly produce new maps as changes occur. Maintenance 
crews and canal riders can obtain maps of specific areas or segments which are 
tailored to them and contain only the information needed This map making 
ability is not only useful for district personnel, but helps districts, municipalities, 
growers, and utility companies to share and understand information and ideas. 
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Boundary Disputes: After years of farming, urban development, and canal 
replacement, district right-of-ways and property boundaries often are not clear 
when compared to out-of-date maps. In some situations, irrigation districts need 
to reclaim encroached upon areas and settle property disputes. GIS maps coupled 
with recent aerial photographs (Fig. 2) are uniquely suited to such tasks. 
Detennining Net Acreage: Irrigation districts, insurance companies, and others 
may assess fees based on the water account acreage or the amount of land actually 
in production. In any given year, the difference between total acreage and net 
acreage under production may be significant. Extracting net acreage can be easily 
and accurately determined from the GIS maps and databases 
Projecting Water Usage Patterns: Irrigation districts can use GIS to visually 
represent the distribution of water use in any or all fields over the past week, 
month, year, or period of record. This process can be taken a step further by 
overlaying two or more consecutive years to find patterns in water usage. 
Differences in water use may directly or indirectly occur due to crop rotation, 
weather, irrigation methods, tillage practices, etc. 
Analyzing Other Ty,pes of District Infonnation: Proper maintenance and planning 
for rehabilitation of distribution networks is greatly enhanced by having 
immediate access to such information as trends in urban development, past and 
current canal use, changing cropping patterns, and the conditions and dimensions 
of the canal segments under review. 
For example, we developed a canal condition rating system (Table 1) to help 
identify segments needing increased maintenance or rehabilitation. Figures 3 - 5 
show the condition rating system as applied to the Edinburgh Irrigation District. 
Figure 3 shows the main distribution network consisting of canals and pipelines. 
In Fig. 4, canals are highlighted by their condition ratings. High rating numbers 
indicate serious problems. However, the current extent of urbanized land and 
expected growth patterns (Fig. 5) also impact rehabilitation decisions. 
Encountered Obstacles 
Problems that have been encountered in GIS implementation include lack of data, 
existing AutoCAD maps and databases, lack of standardization of terms, 
improperly registered aerial photographs, and lack of manpower devoted to the 
task. 
Lack of Data: Districts generally have limited updated data readily available on 
the exact physical dimensions and conditions of their entire distribution networks. 
Figure 2. Water account boundaries created in GIS using an aerial photograph as a guide. This 
photograph is from a USGS DOQQ (digital ortho quarter quad), a high resolution photograph that 
has been registered. 
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Figure 5. Distribution network, canal condition ratings, and present and projected urban growth 
of the Edinburg Irrigation District. 
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Table I. Rating System for lined and unlined canals. Canal use frequency 
rating can be combined with the condition rating to help prioritize segments. 
LINED CANAL RATING UNLINED CANAL RATING 
SYSTEM SYSTEM 
Lining ~llomtiQD Interior conditiQD Ilf I<ilDII 
I - excellent 1- excellent 
2- good 2- good 
3- fair 3- fair 
4- poor 4- poor, some holes and/or cracks 
5- serious problems and leakage 
5- seriously eroded and obvious 
Crl!<kslhol~ - lim. leakage 
1 - a few hairline cracks 
2- hairline to pencil size !::&odililln Qf emJ2ankment 
3- predominately pencil size 1 - excellent 
4- pencil size and a few large 2- some minor erosion 
cracks 3 - moderate amounts of erosion 
5- predominately large cracks 4- high levels of erosion 
5- severe erosion, levecl~ana1 in 
Fr~gu~n~~ Qf~[I!<ks danger of failing 
I - sparse 
2- greater than 10' apart ys:getatiQn in DrainlKS! I2ilSlb m: Ilsm& 
3- 5' to 10' apart 12ys: Qf s:ml2ankmS:1l1 
4- 3' to 5 ' apart 1 - normal; rain-fed weeds only 
5- less than 3' apart 2- above average 
3- moderate 
V~gs:mnQn in Drainags: Di~h Qr along 4- dense 
b~ III S!lDJ2ankmmt 5- dense and lush 
I - normal; rain-fed weeds only 
2- above average 
3- moderate 
4- dense 
5- dense and lush 
CANAL USE FREQUENCY 
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Such information is beneficial when considering reconstruction projects, 
calculating future demands on particular segments, and evaluating the cost 
efficiency of rehabilitation options. Assembling this data takes considerable time 
and may require weeks of field work or reviewing numerous rehabilitation reports 
going back decades. 
Existing AutoCAD Maps: Some districts have investigated the incorporation of 
existing AutoCAD maps with GIS. After much trail and error, we have found 
that the process is difficult and time consuming. Due to differences in mapping 
techniques, warping and overlaying, the resulting GIS maps are often inaccurate 
and still require modifications, including redrawing of the canals, pipelines and 
account boundaries in ArcView. 
Database Design and Connectiyjty: Effectively structuring and linking data are 
difficult and critical tasks. ArcView allows users to connect themes to data 
sources external to the software. For example, in the GIS, the water account 
boundaries are mapped and linked to the existing accounting database. The link 
typically is through the account number or property identification number which 
is included in the Arc View attribute table. This provides the ability to view all 
available data directly on the GIS map, such as property owner, water use history, 
and cropping patterns. 
In the Lower Rio Grande Valley, several types of commercial and custom 
accounting databases software packages are used by districts. Some databases are 
not structured for accounting at the field level, but for accounting based on owner 
or water ticket holder. Often growers irrigate several fields which are under the 
same account number. In such situation, displaying specific field information 
requires modification of the existing database. 
COnsolidation of GIS Maps at a Re&ional Level: Figure 1 shows a portion of the 
data that is included our Regional GIS of the Valley. This GIS contains locations 
of district boundaries, cities, water ways, the extent of the main distribution 
networks, etc. The DMS team is attempting to incorporate the more detailed 
information being assembled by each district into this regional GIS. We have 
promoted standard attribute names and formats (number, string, decimal places, 
etc.) among the districts to help streamline the process. Merging of data sources 
to combine a single. comprehensive map requires a working knowledge of how 
the software performs this task. Failure to understand the process has resulted in 
data being overwritten, duplicated, and even removed altogether. However, each 
crisis has resulted in a better understanding of how the system functions. 
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PRESENT STATUS OF DISTRICfS' GIS 
Large differences exist between the districts in the Lower Rio Grande Valley, 
including size of the district, revenue, personnel, management, distribution 
networks, crop types, and degree of urbanization. All of these factors have 
effected the progress of each district in GIS implementation as discussed below. 
Brownsville Irrigation District 
Use of aerial photographs as a guide for mapping BroWDllville Irrigation District 
(BID) is limited since the water delivery network is 9()0;{, under ground pipeline. 
Canals are easily distinguished on aerial photographs, while pipelines are not 
visible except for the stand pipes, if they still exist The district originally 
explored the idea of importing their AutoCAD engineering maps into ArcView, 
but decided that it would be easier to redraw the district from scratch. 
GIS development in the BID was delayed due to lack of personnel for the effort 
Initially, a secretary was trained and did GIS mapping as time would allow, but a 
full-time effort is required in the initial GIS mapping and database linking. In 
September 1999, BID hired a part-time student intern who has since mapped all 
of their water account boundaries, resacas, canals, pipelines, and re-lifl pumps. 
BID also acquired a large format plotter and now produces useful maps for 
maintenance crew and canal riders. 
Harlingen Irrigation District 
The Harlingen Irrigation District (HID) initially reassigned a canal rider to serve 
as their GIS technician on a part-time basis. Mapping of the distribution network 
was completed by the DMS team as part of the Phase II project (see Fipps and 
Pope, 1998). In 1999, HID hired a summer intern who was able to map 60% of 
the water accounts and link them to the district's accounting database. 
The district uses the GIS regularly to settle land disputes and other spatially 
related issues. HID is currently evaluating the use of a Global Positioning System 
(GPS) to map exact easement boundaries and locations of other facilities for 
incorporation into the GIS. 
San Benito Irrigation District 
The San Benito Irrigation District (SBID) also reassigned a current employee as a 
part-time GIS technician. The district had almost no attribute data on their water 
distribution system. All 8 canal riders were instructed to collect basic information 
on canal width, depth, lining material, and segment length. It took 6 weeks of 
full-time work to collect this information. Their water delivery system, consisting 
of9()01o canals, was mapped by the DMS team during the Phase II Project The 
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district has now entered all attribute data and mapped 8oolo of their water account 
boundaries. 
The first efforts to link water account boundaries with the water account database 
were not successful. The district's accounting system is based on an account 
number, not a field or location number. When querying an account number, 
multiple locations appear for the same account. Thus, records for a specific field 
cannot be separated. SBID has now added a personal identification number 
associated with each field location. 
Delta Lake Irrigation District 
Delta Lake Irrigation District began collecting attribute data upon GIS 
implementation in 1998. Their water delivery system was also mapped by the 
DMS team during the Phase n Project During the second half of 1999, Delta 
Lake hired two part-time GIS technicians to map account boundaries and re-lift 
pump locations, and to improve and update the work done during the Phase n 
Project. They mapped 90010 of the water account boundaries, complete with 
account numbers and field identification numbers. 
The next step for Delta Lake is to link their accounting database system to the 
GIS. However, the district has a customized database running on an old 
mainframe computer. Linking the GIS to this database requires a special 
connector and customized programing which has not yet been completed. 
Edinburg Irrigation District 
Edinburg Irrigation District (EID) realized an urgent need for developing maps 
and databases when the district's senior canal rider, also known as the districts 
"walking database," announced his upcoming retirement. EID began an intensive 
mapping effort, compiling and entering as much attribute data on the distribution 
network as possible. 
The mapping completed to date includes 100% of the account boundaries and 
80010 of the delivery network. Currently, EID is concentrating on mapping 
excluded areas due to the upcoming board elections. Excluded areas are land that 
have gone out of irrigation usually due to urbanization. These areas are excluded 
from the district, and landowners in these areas are not allowed to vote. 
San Iuan Irrigation District 
San Juan Irrigation District (SJID) reassigned a canal rider as their full-time GIS 
technician. He has made rapid progress in mapping the entire district, including 
the distribution network, water account boundaries, gates, pumps, tum-out valves, 
pipeline shutoff valves, and district right of ways. SJID has successfully linked 
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the GIS and water account databases which are automatically updated whenever 
changes occur. The district uses the GIS on a daily basis for quicldy retrieving 
infonnation on water accounts, as well as pipelines and canals, including 
construction material and sizes of specific segments. 
The district has also begun using the GIS to help with decisions in canal 
replacement The GIS is used to detennine total net irrigated acres and cropping 
patterns serviced by a specific canal network by accessing the water account 
records. With this infonnation, the district then calculates the size of the 
replacement pipeline needed to deliver this water volume. A consulting finn, on 
the other hand, had oversized a pipeline since their calculations were based on the 
total or gross acres in the area. Thus, SJID saved a considerable amount of 
money with the reduced pipeline size. 
MissiQn Irrigatjon District 
Mission Irrigation District initially hired a full-time technician for a 3-month 
period in 1998. The technician began by drawing water account boundaries. 
Over 90% of the district's water account boundaries were mapped, and this theme 
was successfully linked to their water account database. With assistance from the 
DMS Team, all main canals were mapped by the end of Summer '98. However, 
the district has little attribute data describing the delivery network. 
Due to changes in management in 1998, GIS development came to a halt. 
However, the secretaries routinely use the GIS to verify account infonnation and 
location when fanners come in to purchase water tickets. Fanners have expressed 
appreciation about the GIS capabilities to visually show their property and all 
account information. As a result, the district bas been able to update and make 
numerous corrections in their records. 
Mercedes Irrigation District 
Mercedes Irrigation District reassigned a secretary to be their full-time GIS 
technician. Mapping completed including the entire water distribution network, 
all water account boundaries, and canal rider service areas. 
During district elections in 1999, the directors requested maps of all excluded 
areas and subdivisions to help determine voter eligibility. The GIS maps and 
database had to be modified for legal descriptions of properties in tenns of metes 
and bounds. Mercedes hired a second part-time GIS technician to help with the 
work load and purchased a large format plotter. Other endeavors have included 
coordinating efforts with the U.S. Border Patrol in mapping check points and 
surveillance areas along the Rio Grande River (the southern border of this district 
lies on the Rio Grande) and working with land realtors to provide property lines 
and maps. 
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REGIONAL GIS USES AND ACflVITIES 
Water Saving Strategies 
Currently, we are participating in a Regional Water Planning Project to identify 
the amount of water that could potentially be freed up from improvements in 
distribution networks and on-farm irrigation for transfer to other users. This is a 
major expansion of the efforts conducted in the Phase II Project (see Fipps and 
Pope, 1998). An intense effort is underway to assemble detailed information on 
operational methods and physical features of the districts' distribution systems. 
Canal rider surveys were conducted in all or parts of 6 districts to identify: 
the condition of canal segments (Table 1), including physical 
dimensions and lining materials 
on-fann irrigation methods and technologies in use on a field by 
field basis, 
water supply or loss problems identified by canal segment and 
individual fields, and 
locations of turnout valves, check gates, pipeline control valves, 
and operational spill drains 
In addition, the DMS team is conducting seepage loss tests across the Valley on 
variety of canals segments, monitoring operational spill sites and recovery 
projects, and documenting water savings from metering programs. After these 
surveys and studies are complete, the results will be entered into the appropriate 
GIS databases for analysis. 
GISSmmort 
As part of the cooperative arrangement with the 8 districts shown in Fig 1., we are 
offering continuing support on GIS implementation. In 1999, the DMS Team 
conducted two, l-day GIS workshops for irrigation districts. A complete set of 
instructional materials were developed for the workshops and can' be found on the 
District Management System Program Web Site (http://dms.tamu.edu). 
Monthly support sessions are held with the GIS technicians to foster collaboration 
on new uses and problems, and to teach advance techniques. Attendance at the 
workshops and monthly meetings are not limited to district personnel, but 
includes tax appraisal districts, the US Border Patrol and others implementing 
GIS. Support is also available by phone and through the internet 
GPS Evaluation 
We are investigating the use of GPS receivers for more precise mapping and 
quick updating of existing maps. GPS receivers determine a location on the Earth 
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surface froni satellites. This infonnation can be exported to the Pathfinder 
software and then converted directly to an ArcView theme. The DMS team has 
used GPS receivers to locate sites, map areas and rectify discrepancies in GIS 
maps. 
District Management System Deyelopment 
We are currently conducting research to extend GIS applications and create a total 
District Management System (OMS). This involves three major efforts: 
continued collaboration with districts on developing and 
implementing GIS, 
• development and incorporation of a distribution network: 
accounting and routing simulation model; and 
incorporation of an crop water use and irrigation scheduling 
simulation model. 
A GIS interface for the irrigation district simulation model IRDDESS (see Fipps 
and Pope, 1998) has been completed and is currently being tested. 
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CAPACITY BUILDING FOR THE PRACI'lCE OF IRRIGATED 
AGRICULTURE 
Anisa Joy Divine, Ph.D: 
ABSTRACT 
Irrigated agriculture is sustainable when irrigation experts join with other 
community members to develop and apply sound principles and practices in the 
common interest. Necessary and sufficient principles and practices are presented 
as an action map consisting of two parts: 1) nine essential processes - ecological, 
administrative, accounting, educational, integrative, scientific, marketing, 
entrepreneurial, and service processes; and 2) a development spiral that, when 
institutionalized, matures into an achievement cycle. When these tools are applied 
according to a proven protocol, significant and sustainable success has been 
achieved. The action map and protocol are described in this paper. 
The map is based experiences in sustained agricultural and industrial development 
over the last 150 years in Denmark, the USA, Greece, Guatemala, and elsewhere. 
The map and protocol allow the user to integrate the principles and practices into 
a blueprint that provideS a framework for the diagnostic analysis and program 
design needed to develop successful, sustainable irrigated agricultural systems. 
INTRODUCTION 
By applying insights and labor to irrigation and drainage activities, human beings 
manage the output of their ecological system to sustain and improve human life. 
Principles and practices used by individuals, singly or in community, to create 
successful, sustainable agricultural and industrial systems have been distilled into 
in a map-for-action (Argyris, 1985) that consists of a nine essential processes, a 
development spiral and an achievement cycle. Irrigation community members can 
use this map as a diagnostic or design tool. Either use will enhance their capacity 
to produce, sustain and enjoy wealth from irrigated agriculture. 
Each development path follows a necessary pattern and yet, like each snowflake, 
is unique. Thus, irrigation community members will want to use the map to chart 
their path with creativity and an entrepreneurial spirit. Users will be reassured to 
know that the action map, when applied using a particular protocol, has proven to 
be both necessary and sufficient for developing and sustaining a desired output. 
1 Water Resources Planner, Imperfallnigatlon DIstrIct. 333 E. Barlonl Blvd., Imperial. CA 92251 
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The action Map itself rests on three abstractions: 1) the nine essential processes 2) 
a development spiral, and 3) an achievement cycle. In addition. a protocol is 
provided for effectively using the map. Seven steps are presented that community 
members can use to design an action map to initiate, achieve, and sustain the 
results they desire from their irrigation activity. 
By employing these tools, individuals, singly or in community, can engage their 
capacity to conceive, manifest, and enjoy ever-increasing levels of well being to 
achieve a sustainable irrigated agriculture. 
TIlE ACTION MAP 
The action map is based on performance requirements formulated from research 
into successful human endeavor agricultural development over the past 150 years. 
Four programs in particular are the folk high schools in Denmark, from 1 844 
(Manniche, 1939); the agricultural demonstration method in the USA, from 1886 
(Martin, 1941); the American Farm School in Greece, from 1904 (Lansdale, 
1986); and the small farm self-help irrigation projects in Guatemala, from 1977 
(Embry and Adams, 1983). 
These projects were selected because each resulted in: 1) the transformation of a 
community, 2) an enterprise that was profitably sustained to the present time, and 
3) insights that have been extended to and adopted successfully by other 
communities. From them, the nine essential processes were distilled. 
The Nine Essential Processes 
A concise statement of the nine essential processes is presented (fable 1). History 
indicates that the nine processes incorporate the necessary and sufficient elements 
for achieving success in any enterprise. As such, it can be used as a blueprint for 
creating action maps for any type of project. 
In practice, the nine processes work as a synergistic system, with the result limited 
by the least strong or viable of its elements. Furthermore, individuals can use the 
nine essential processes both as a diagnostic tool to determine what needs 
changing and as a design tool for making improvements. 
An AnalOgy: To get a feel for the nine essential processes, consider how a 
transportation system works. A vehicle must be designed to meet mechanical, 
thermodynamic, and ergonomic requirements. At the same time, effectively 
operating a vehicle requires specific individual behaviors that include knowing 
and skillfully meeting the physical requirements such as fluids in the appropriate 
tanks, using the correct key, air in the tires, steering correctly, and so on. 
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Table 1. The Nine Essential Processes 
The ecological process of interacting with the physical and biological 
environment so as to live and be at ease within it, thereby producing 
sustainable wealth. 
2 The administrative process of organizing, energizing and monitoring the 
operations of individuals and institutions that impinge on community 
members and their environment, thereby managing wealth. 
3 The accounting process of recording, analyzing, Verifying and reporting 
transactions among community members and their institutions, thereby 
counting wealth. 
4 The educational process of instructing and coaching community members 
in the skillful use of proven knowledge, information and practices, thereby 
sustaining wealth. 
S The integrative process of structuring, maintaining and evolving 
institutions that blend the diverse beliefs, behaviors and traditions of 
community members, thereby harmonizing wealth. 
6 The scientific process of hypothesizing, testing, verifying and reporting the 
laws of nature, both ecological and behavioral, thereby perceiving wealth. 
7 The marketing process of storing, valuing and exchanging goods, 
information and services of a desired quantity, type and quality, thereby 
extending wealth. 
8 The entrepreneurial process of innovating, taking risks and changing the 
ways in which community members think, act, work and live, thereby 
creating wealth. 
9 The service process of respecting, loving and caring for oneself and for that 
in which one participates; that is, noticing what is needed and wanted and 
doing it whether it is one's job or not; thereby appreciating wealth. 
Additionally, the community must establish a physical support system of roads, • 
mechanics, spare parts and fuel stations. Behavioral requirements promote safety 
and community well being. Common requirements include proven ability to 
operate the vehicle safely and knowledge of the socially accepted rules of 
operation, symbolized by a driver's license. Liability insurance as well as safety 
and environmental features may also be required. 
Finally, trust and faith are needed. Drivers trust that fuel, parts, roads and all other 
requirements will be available. Drivers also have faith that the vehicle will work 
as expected and that each driver will obey socially agreed-upon operating rules. 
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New or prospective drivers need instruction to operate a vehicle. In addition, if the 
driver comes from a society where driving is uncommon or has had an unpleasant 
experience, specific education as well as personal choice may be needed simply to 
detennine whether or not one wants to drive at all. 
Similarly, irrigated agriculture imposes specific requirements. Some are purely 
physical, some biological, some ecological and some behavioral, while others are 
socially prescribed. All such requirements must be both known and satisfied to 
secure a sustainable irrigated agriculture. 
The Development Spiral 
Sustainable project development can be described as a spiral that is the basis of 
humanity's ever-increasing wealth (Schumpeter, 1989). The spirals consist of four 
elements: context, action, and results - enlightened by insight. These may be 
conceived, as follows: 
Context: a way of being by which community members synthesize the content 
of their environment, including their knowledge, attitudes, capabilities, skills, and 
resources; from which emerges an opportunity to increase wealth. 
Action: a way of doing through which community members express their 
knowledge, attitudes, capabilities, skills and resources to create wealth: to 
organize matter, energy or thought in a way more pleasing or beneficial to 
someone. 
Results: a way of having through which community members celebrate their 
achievement and synthesize it into a new context. 
Enlightenment: a way of experiencing through which community members 
integrate previously unknown or disassociated ideas to realize principles that 
form the basis for new wealth. 
The development spiral is characterized by knowledge, volition, and action that 
are enlightened by insight and vision to attain a newly perceived, desired result. 
Such spirals are generated by the more creative, innovative, and risk-taking 
members of a community. 
As these insights are integrated into the everyday fabric of individual and 
community life, the spiral gives rise to an achievement cycle. Thus, practical, 
productive individuals - without whom the innovator's insight would never be 
incorporated into community life - dedicate their lives to the achievement cycle, 
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Elements of the development spiral, along with relevant issues for consideration 
and action needed to achieve and sustain new levels of wealth are cited in Table 2. 
Most often overlooked are the context for development and the need to include 
enlightenment and choice for all participants. The importance of each asPect of 
the spiral becomes apparent when considering how to apply the protocol. 
THE PROTOCOL 
Irrigation professionals can identify performance requirements needed to ensure 
success by determining how the elements of each essential process relate to the 
project at band. The mechanism by which success is secured in human terms is 
described in the protocol, which follows. 
Whereas the action map provides a blueprint for design and diagnostic analysis of 
sustainable irrigated agriculture, the protocol describes the practical steps for its 
successful use in the community. The protocol has a sense offamiliarity: All have 
followed its steps whenever success, no matter how small or large, was achieved. 
Its seven steps are described below. 
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Step 1. What to think about. Identify concretely the requirements for and the 
value of each of the nine essential processes. This activity enables irrigation 
professionals to approach the task with certainty, knowing they can clearly 
communicate the opportunities and requirements to others. 
Step 2. Whose thoughts to change. Network with people who have the power 
and authority to work for sustainability. Irrigation professionals must know 
who has power at each decision point. Whoever these people are, their 
appropriate and willing participation is essential 
Step 3. Establish relationship. Involve mutually concerned individuals and 
organization representatives. 
Step 4. Determine value and requiremcnts. Consult on the value and 
requirements of the new behavior so they can contribute and make an 
enlightened choice of whether to positively support and sustain the proposed 
activity. 
Step 5. Choice. Choice is a central activity. It is to be made freely and after 
consideration of the value and requirements of a project. Choice occurs when 
persons undertake a course of action. because they see the value of the project and 
are willing to accept the requirements. 
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Table 2. TIie Development Spiral 
Context: Ever-changing perceptions, knowledge, attitudes, habits and 
resources; informing the approach to opportunities by community members 
Existing elements Relevant issues 
Neutral knowledge and Traditional and current knowledge and 
boundary conditions constraints 
Neutral state-of-the-art Traditional and current known possibilities 
Neutral awareness and Traditional and current values, expectations and 
beliefs beliefs 
Neutral action Traditional and current activities 
Neutral results Traditional and current achievements 
Action: Ever-cbanging activities by community members 
Necessary steps Relevant issues and actions 
Become enlightened Expand consciousness, perceive opportunity, 
have insight. note more pleasing alternative 
Apply volition Choose to pursue insight and act, or not 
Appreciate existing context Act to know and appreciate existing context 
Investigate development Act to know and appreciate alternative, 
context potentially more pleasing context 
Apply volition Compare existing and development contexts, 
consider benefits and requirements, then choose 
Create action plan If choosing to act on potential, create action 
priorities using action map and protocol 
Implement action plan Enron specific individuals to act; allocate 
resources; establish accountability, timelines 
Foster feedback and Monitor actions and results; measure physical 
refinement and behavioral inputs and output 
Celebrate Notice and enjoy increased well-being 
Results: Ever-cbanging experience of well being by community members 
New elements Relevant issues 
The next context and Intended or other result is integrated, contextual 
venture issues shift 
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Choice is an activity based on human freedom and dignity. Choice is the basis of 
human empowerment that comes only from personal experiences of one's own 
strength and integrity. If the choice is to participate, proceed to Step 6. Otherwise, 
return to Step 4 and interact with the interested community member(s) again or go 
to Step 2 and identify new individuals or groups. If necessary, go to Step 1 and 
identify another arena of action. 
Step 6. Close. The irrigation professional must ensure that enrollees can 
produce, access, or procure the support and requirements needed to carry out 
the activity as agreed upon. Often, closure simply reiterates known facts; 
however, new facts or areas of uncertainty may emerge. A major function of 
closure is to provide an opportunity for such unknowns to surface, to be 
communicated and resolved before final commitment to action is made. 
Step 7. Re-dose. Re-closing provides the opportunity to make sure the 
enrollees have, or can get, the support of those people whose acceptance of the 
newly chosen activity is necessary. Such people include family and 
community members, supervisors, co-workers, government and religious 
leaders. If support from such individuals is needed, but not forthcoming, 
irrigation professionals must assist the individuals to discover how it can be 
obtained and support the individual in obtaining it. If so requested or deemed 
advisable, the irrigation professional may need to return to Step 2 and go 
through the enrollment protocol with these people. If a major obstacle arises, 
returning to Step 1 may be appropriate. 
By including deliberate thinking, consulting, and enabling purposeful choice 
about the perfonnance requirements, the protocol plants the seed from which 
project success can grow. When this happens, everyone involved knows what has 
been agreed upon, what their individual role is, what community expectations are, 
and that the choice bas been made freely and willingly. Further, by offering 
numerous opportunities for feedback and revision of plans, carefully conducted 
enrollment gives community members a sense of enterprise ownership, resulting 
in interest and pride in the quality of the outcome. 
When the commitment to participate is made, freely and after full consideration, 
the plan can be implemented, the participants supported to keep their agreements, 
and the achieved results celebrated. 
Implementing the Protocol 
R. Buckminster Fuller stated, " ... All the individuals of humanity are looking for 
the answer to what the little individual can do that can't be done by great nations 
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and great enterprises. The things to do are: the things that need doing: that you see 
need to be done, and that no one else seems to see need to be done" (Fuller, 1981). 
The application of the protocol is an individual proposition. However, once 
grasped, instances of the protocol's use are found to be widespread. For one, 
consider the following: 
From Guatemala: In 1976, an extraordinarily successful, USAID-assisted, small 
farm, self-help irrigation program was started in Guatemala. ne Guatemalan 
Agricultural Development Bank made loans to organizations offanners for the 
purchase of materials to build small, gravity pressure sprinkler irrigation systems. 
Project beneficiaries fwnished all labor. Engineering design, construction, 
supervision and instruction use was furnished by the Guatemalan government. 
By 1981, 40 irrigation projects serving 2000 farmers had been completed. Of 
these 40 irrigation systems, 17 also provide potable water for the water users. The 
projects were constructed at a cost of $600 to $800 per hectare. The cost included 
materials for the main line and aU on-farm irrigation equipment The projects 
promoted crop diversification, with fruits and vegetables frequently replacing 
production of traditional com and beans. Fann productivity increased from two to 
five times and more (Embry and Adams, 1983). 
An engineer, Dr. Bert Embry was working in Guatemala on another project at the 
time the idea of a small-farm irrigation project was brought to his attention by 
Carl Koone, the USAID Rural Development Officer for Guatemala. Dr. Embry 
determined to act on this insight To this end, he and other American and 
Guatemalan engineers conducted survey trips to various parts of Guatemala and 
developed hypothetical projects for sites they visited. Ultimately, Dr. Embry was 
able to bring together the elements needed for the work - the idea, a team with 
experience to design the scheme, a group of farmers who wanted the project, and 
financial and other resources to do the job (Divine, 1988). 
Dr. Embry reported: "A group in Santa Rita ... first heard of us in one of the 
traveling school sessions. They had been working on their own to get an 
irrigation project, but could not find financial or technical help. This was an 
ideal location for the original project. It could be a gravity-operated 
sprinkler system with no pwnping costs. (Many Guatemalans insi~ that you 
cannot have an irrigation system without a pump and tank). And, the main 
highway between Quezalteoango and San Marcos runs through the project, 
so everyone could see the sprinklers operating on both sides of the road. 
"[Construction of] the first project was supervised by the advisors. Field 
foremen, who were Santa Rita farmers, supervised subsequent projects. 
These foremen lived in the community where the project was being built, 
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and the local fanners supplied their food and a place to sleep. The engineers 
visited the projects under construction as often as necessary (at least weekly) 
to check on details and see that the work was being done according to the 
plan. Several farmers on each project were required to learn how to install 
the equipment, so they could make repairs or extensions in the future 
without needing outside help" (Embry and Adams, 1983). 
To implement the action plans, Dr Embry organized irrigation teams to work with 
the farmers. He intended the teams to be cohesive, and he defined everyone hired 
- engineers, draftsmen, agronomists, secretaries, and chauffeurs - as a team 
member. Their activities were based on job descriptions, and they were hired and 
assigned on the basis of their ability to do the job. 
Professional project staft'worked with the funding agency, so loan money would 
be available and loan guidelines established. Technical personnel helped fanners 
estimate the loan repayment period, but the final decision about financing was left 
up to the fanners. Because of the Embry team's service achievements, local 
fanners gained significant rewards: 
• Fanners own the system and are responsible for operating and maintaining it; 
• Farmers maintain the system they learned to fix during and after construction -
thus, fanners mow the system is dependable and their risk is low; 
• Fanners produce and market fruits and vegetables which have higher value; 
• Fanner groups manage their own system, so they cooperate to provide 
maximum benefit for all families involved; and 
• Fanners experience pride of ownership and confidence that they can do 
something for themselves, their families, and for the future of the nation. 
• Meanwhile, effectively used resources represent a lasting benefit to the nation 
• Human nutrition improves as fruits and vegetables become available in the 
villages and cities at prices people can afford; 
• Increased farm production for local use and for export contributes to the 
overall food supply and to the economic and social well-being of the nation; 
• Eroded areas become productive, new lands are brought under cultivation, and 
supplemental irrigation makes agriculture less dependent on natural rainfall; 
• Land and water resources are used more efficiently, so the present value is 
increased; while. future generations can expect to inherit the resources in 
improved condition for their own use and the country's lasting benefit. 
In this case, as in others. success began with appreciation of the context associated 
with the nine essential processes: hilly land, with running springs; a market for 
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fruits and vegetables, a method for training, a willingness to take the risk. etc. 
This appreciation, followed by action that duplicated the protocol steps, produced 
outstanding results - sustainable irrigated agricultural systems that produce 
healthy levels of well being and prosperity for the community and beyond. 
CONCLUSION 
By developing a sound action map and agreeing to use it in the common interest, 
irrigation and other interested community members embark on the adventure of 
fostering sustainable irrigated agriculture. As they become adept at using their 
insights and growing body of knowledge about how the nine processes relate to 
their endeavor, they will use the map and protocol to achieve increasing levels of 
success and satisfaction. 
REFERENCES 
Argyris, Chris. 1985. Making knowledge more relevant to practice: maps for 
action. In Edward E. Lawler, m, and Associates. 1985. Doing Research that is 
Useful for Theory and Practice. Jossey-Bass Publishers. San Francisco, 
Washington, London. 
Divine, Anisa Joy. 1988. A Performance Map for Human and Irrigation 
Development. Dissertation submitted in partial fulfillment of requirements for 
degree of Doctor of Philosophy in Agricultural and Irrigation Engineering. Utah 
State University. Logan, Utah. 
Embry, Bertis L, and Adams, Nancy L.1983. Small Farm Self-Help Irrigation 
Projects. Planning Guide 5. Water Management Synthesis Project Utah State 
University. Logan, Utah. 
Fuller, R Buckminster. 1981. Critical Path. St Martin's Press. New York. 
Lansdale, Bruce. 1986. Master Farmer: Teaching Small Farmers Management 
Westview Press. Boulder, London. 
Manniche, Peter. 1939. Denmark, A Social Laboratory. Oxford University Press. 
Hwnphrey Milford. 
Martin, Oscar B. 1941. The Demonstration Work: Dr. Seaman A Knapp's 
Contribution to Civilization. The Stratford Co., Publishers. Boston. 
Schumpeter, Joseph A. 1989. The Theory of Economic Development. 
Transaction Publishers. New Brunswick (USA) and London (UK) 
PLANNING OF MODERN IRRIGATION SYSTEMS INTEGRATED wrrn 
HUMAN SETILEMENT FOR ENHANCED REUSE OF WATER 
Eng. Dharmasiri de Alwis· 
ABSTRACT 
There are five independent development areas situated in the dry zone of Sri 
Lanka each consisting of irrigation systems which are similar in principle, but 
substantially different as far as the design concept and the operations are 
concerned. These systems are to receive surface water in the corresponding 
basins plus diverted waters of the largest river in Sri Lanka, for socio-economic 
development. 
The five systems presently in operation following settlement off armer-families 
and non-farmer families, are H, C, B, G, and L. The irrigation and drainage 
network in each system demonstrates a planning concept, which is a combination 
of minor reservoirs, irrigation canals and drainages, towards optimization of 
irrigation system efficiency. The principle incorporated into the planning concept 
is therefore the "Cascade of minor reservoirs" constructed across the secondary 
and tertiary drainages to command the farm area below. This concept which was 
adopted several centuries ago, is still in existence in the dry zone. 
In some of the major integrated rural development projects, the minor reservoirs 
have been incorporated into the irrigation and drainage system to provide a 
number of purposes, benefiting the human settlements and their environments. 
Another beneficial function of these reservoirs, when combined with the canals 
and drainages is its versatility in fitting into the irrigation and drainage network at 
any location. 
The quality of irrigation water has still not been a serious problem in any of the 
areas described above. However, it has been recognized that there should be field 
research into the quality of water, from the planning stage to operation & 
maintenance. 
The social benefits, both direct and indirect, are concerned collection and 
distribution ofretum flows, by means of Canal-Reservoir integration have 
produced a successful concept, in integrated rural development based on human 
settlement and irrigated agriculture. 
'Managing Direc:torffeam Leader, River Basin Management Secretariat, Mahaweli Authority of 
Sri Lanlca, No. 11, lawatte Road, Colombo OS, Sri Lanka 
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INfRODUCTION 
The exercise of water resource development planning is a highly complex task. A 
new approach needs to be adopted in the initial planning, which ensures 
environmental aspects are integrated with social and economic considerations. 
The extension of irrigation and settlement systems can be justified in many areas, 
from the point of view of economic necessity and social betterment. The principal 
issues, upon which attention should be focussed on irrigation and human 
settlement in the tropics are, (a) Efficiency of water-use including conveyance 
from the source to farms (b) Socio-economic impacts, and (c) Integration of 
human settlement with the natural resources in the basin. 
The ecological consequences of irrigation are part of a complex of practices, 
comprising management of available water resources, controlled distribution of 
water over cultivable land, and withdrawal of excessive water through drainage~ 
These implications include the following changes: 
(a) Creation of new ecological systems related to water bodies such as reservoirs, 
irrigation canals and drainages. 
(b) Radical modification of ecological systems of the terrestrial habitat due to 
ploughing, cropping and addition of agro-chemicals. 
(c) Modification of downstream flow regime within the river basin. 
Irrigation is a significant change to the ecology of an area which creates new 
productive systems and land such as crop fields, forest areas, pasture and 
homegardens, and in water it produces fisheries and aquaculture. These changes 
in the physical and biological environment lead to radical changes in the ecology. 
In this transformation, human ecology occupies a significant place in the 
irrigation based settlement project. 
GENERAL DESCRIPTION ABOUT SRI LANKA 
Sri Lanka is an island lying off the southern tip oflndia.1t is centrally located in 
the Indian Ocean with a land area of 65,000 Sq.km. Throughout its 2500 year 
history, kings of ancient Sri Lanka built large reservoirs and trunk canals to carry 
water for irrigation and agricultural systems to produce food to sustain the 
civilization. The early civilization centered around these reservoirs which were 
built to store rain water for agriculture. It was in the dry zone of Sri Lanka that the 
early settlements based on irrigated agriculture began. To cultivate a single 
annual crop of rice, the early people depended on the NE monsoon which brings 
in rain from October to February. 
Enhanced Reuse of Water 
There are 103 river basins in the country. They flow radially from the highlands 
in the central part to the sea (Fig. 1). 
Hydrology 
The climate is controlled by its location within the tropics and the presence of 
Central Mountain mass within the country. Mean monthly temperatures in the 
lowlands, Range between 26° C and 29° C with little seasonal variations. In the 
central highlands, however the mean monthly temperature varies between 10° C 
to 21° C. 
The island can be divided into the distinct wet and intermediate zones. The 
combined wet and intermediate zone covers about 30% of the land area. Annual 
mean rainfall in the wet and intermediate agro-climatic zones ranges from about 
2200 rom to 3900 rom and is fairly distributed throughout the year (Fig. 2). Paddy 
and other food crops can be grown in these zones under rainfed conditions. 
The annual rainfall in the dry zone, with average annual rainfall bellow 180Omm, 
is concentrated in the "Maha" season (September to March) and displays 
considerable year-to-year variability. Therefore irrigation is essential for 
cultivation in the "Yala" season (April to August) with some supplemental 
irrigation often necessary during the "Maha" season. 
HYDRAULIC CIVILIZATION AND TRADITIONAL CULTIJRE 
The traditional culture of Sri Lankans is agrarian and the most significant feature 
of the culture centres around the conservation and distribution of water. Since 
early times the people and their rulers began to store water and developed the 
distribution of the resource for agriculture and other purposes. This hydraulic 
civilization had its origins in the dry zone until about the end of the twelfth 
country. The dry zone receives water only during the North-East monsoons and 
the need for storing this water to be used during the long dry season that followed 
became the major concern of the people, whose responsibilities was to ensure 
availability of water for bountiful crops. 
The traditional irrigation schemes are dependent on storage reservoirs designed to 
provide supplemental irrigation to the "Maha" crop, with any residual water used 
for limited dry season cropping. There are a total of about 180 such major 
irrigation schemes sustaining nearly 200,000 Ha. under agriculture, along with a 
vast number of minor irrigation schemes. 
All these irrigation schemes in the dry zone, irrespective of the size, are supported 
by reservoirs, which have been formed by the construction of earthen bunds 
across ephemeral streams. A high utilization of the scarce water resource has been 
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achieved by providing a number of storage reservoirs across the streams in 
cascade formation. 
Systems oflrrigation 
According to historians, two different systems of irrigation in the dry zone were 
built many centuries ago. Some function today for the same purposes, as they did 
many centuries ago. Those that have been damaged by time are of such quality 
that they can be repaired and made operational today. 
One system was that water was impounded in reservoirs which gradually passed 
either directly onto the fields, or by man-made canals, which conveyed water to 
the fields. 
With the other system, part of the water flowing down the rivers, was diverted 
along man-made canals, which diverted water into distant lands and reservoirs. 
Some of these diversions are transbasin diversions to bring water supplies from 
nearby basins with richer water resources. 
Reservoirs cranks) in the Dry Zone 
Literally, hundreds of small and large reservoirs occupy the vast expanse of dry 
scrub jungle, making it the "Kingdom of Reservoirs" (ranks). The credit for 
building the reservoirs and canals that link them should go to the kings or rulers, 
who inspired the people to install such multipurpose facilities. (Fig. 3). 
The earliest reservoirs were simple, consisting of an earthen dam across a small 
river. These village reservoirs served the needs of only a village or ~o. But with 
the discovery of the ''valve-pit'' (structural arrangement in the sluice), larger 
reservoirs were built. 
Reservoir crank) and Village 
The reservoir (rank), even today, is the pivot on which life in the dry zone 
revolves. The villages that depend entirely on reservoirs for their ecOnomic 
sustenance are called Tank Villages. The structure of the Tank Village and its 
functioning illustrates not only the economical use of land and water but also the 
political and social mechanisms. 
There have been four types of agricultural settlements in the country: 
(a) Reservoir (rank) villages 
(b) Mountain villages of the central hills 
(c) Rain-dependant villages in the East 
(d) Chena villages 
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In the Reservoir villages, the amount of water supplied for irrigation can be 
controlled by sluices and spills. 1bese villages consist of four main components: 
(a) the reservoir or the Tank 
(b) the paddy field under irrigation 
(c) the jungle 
(d) the cluster OfllOUSCS 
The reservoir, which is normally situated on a higher elevation, provides water for 
agricultural and domestic needs. It also provides fresh water fish and water plants 
for domestic consumption. The jungle provides the village with firewood, timber, 
meat and honey. The cattle are grazed and allowed to rest in the jungle. 
AVAILABLE WATER RESOURCES 
The hydrographic pattern is a function of the topography and in Sri Lanka with its 
central hilly area, a radial pattern of the rivers is clearly revealed. The rivers 
flowing to the West, South, and East are shorter that those flowing to the North. 
There are 103 basins, draining areas varying from 10 sq. Ian to the maximum of 
10500 sq. Ian. The largest and the longest river is the Mahaweli Ganga, which is 
325 Ian. in length from source to outlet. 
The average annual rainfall over the whole island is approximately 13.2 Million 
Ha.m. The average annual run-off into the sea from all rivers and streams has 
been estimated at 4.3 Million Ha.m, or approximately 300A of the precipitation. 
This volume of run-off is equivalent to an average depth of 660 mm over the total 
area of the Island. 
The monsoonal rains are dependent upon the prevailing winds during both the 
south-west and north-east monsoon seasons, and the annual average rainfall varies 
from below l000mm. on the north-western and south-eastern fringes of the Island 
to over 5000mm. at certain places on the south-western windward hill slopes. One 
of the most significant features of the climatological characteristics of Sri Lanka, 
caused primarily by the orographic effect of the central mountains on the two 
monsoons, is that the Island can be divided into two distinct parts, The "wet zone" 
and the "dry zone"{Fig. 4). The wet zone, receives the major portion of its annual 
rainfall during the south-west monsoon. 
However, it is more rational to define the dry zone as an area where the average 
annual rainfall is less than the average annual potential evapotranspiration. This 
implies that there can be little or no run-otT if the rainfall is evenly distributed 
throughout the year. Since the potential evapotranspiration ranges from 1400 mrn. 
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to 2000 mm per year in the low altitude areas of the Island, It is greater than the 
1000 mm of rainfall. 
The rivers flowing through the wet zone are perennial and their mean annual yield 
is about 65% of the yield of all the rivers. 
The dry zone, which covers about 75% of the Island, exhibits wide variations in 
average annual precipitation and run-off and their spatial distribution merits 
discussion in greater detail. The available land resources suitable for agriculture 
are located in the dry zone, but shortages of water resources hamper their 
development. 
About 750 mm. to 1900 mm. of rain falls on the dry zone in an average year, 
mostly during the short NE monsoon. During the rest of the year, there is 
practically no rainfall, so that productive plant growing is only possible with 
irrigation supported by regulation of the variable stream flows with storage 
reservoirs. 
PLANNING OF IRRIGA nON SYSTEMS 
Sri Lanka has been somewhat fortunate that the combined effects of the mountain 
barrier and the monsoons have ensured ample quantities of water for all purposes 
including the irrigation of all available arable land in the country. Even though 
significant storage and regulation have been provided in the dry zone, the long-
term mean water resources for irrigation have not been great enough to ensure a 
reasonable degree of success under individual projects. The implementation of the 
Mahaweli Ganga Development Scheme (MGDS) has further improved the 
existing conditions in most of the dry zone. It has provided an increase to the 
ground water resources. 
Efficiency in irrigation requires that water be conveyed to the system and 
distributed with minimum losses in such a way as to secure maximum efficiency 
of water use as determined by the ratio of the amount of water used by plants to 
the amount of water withdrawn from the system. 
Irrigation efficiency is also significantly affected by other factors such as the level 
of training of users, quality of management, type of flow being operated, method 
of water distribution and the size of the irrigation area. Therefore in designing an 
irrigation canal system, it is vital to strive for a distribution network, which is 
simple in function and requires a minimum of management. 
Planing for multipurpose utilization of the water resources commenced about 50 
years ago. The emphasis at that time was on basin-wide development and several 
promising rivers were taken up for detailed studies. The main purposes of 
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multipurpose development have been inigation, hydro-power generation and 
settlement offarmers and DOn-farming families. 
In the case of paddy farms, cultivation has been traditionally using excessive 
inigation water. With projects implemented several years ago, there has been a 
need for economical use of water, partly due to well-drained soils in the command 
area and partly due to unauthorized expansion of inigable land area. 
Planning inigation systems is based on the findings of soil classification surveys. 
Greater control is being exercised over conveyance and distribution losses. 
Damage to crops due to water deficits are considerably reduced, while substantial 
increase in productivity are realized. 
LEGISLATION 
The most important legislative enactment governing the utilization and 
development of the water resources has been the Irrigation Ordinance of 1946 
amended in 1968. This is an Ordinance to amend and consolidate the laws relating 
to water rates, inigation districts, agriculture committees, construction, 
maintenance and protection of irrigation infrastructure and the conservation of 
water. 
Another legislative enactment is the Paddy Lands Act of 1958, which has the 
objective to ensure the proper utilization and maximum productivity of all 
available land resources for the cultivation of paddy. 
IRRIGATION SYSTEM INTEGRATED WITH MINOR RESERVOIRS 
Reservoirs are important in the lives of settler-farmers and other resident in a 
development area, as water bodies mean more than water and the various sciences 
of water. 
A reservoir cannot be separated from its drainage area. Its bund is designed using 
SO-year flood return intervals. The spillways adopted for these reservoirs were 
broad crested weirs. An earth or concrete spillway constructed in natural ground 
should convey the flood discharge over the spillway, to fall into the stream at a 
point downstream of the structure and the bund. Special consideration must be 
given to the design, if failure of any structural element could cause danger to life 
or serious property damage. 
The capacity of the reservoir must be such that when used in combination with the 
other components of tile irrigation system, it will provide the needed volumes of 
water at an adequate variable flow rate and in a timely manner. 
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Since the volume of water lost is dependent upon the surface area, evaporation 
losses should be minimized. Seepage losses are much more difficult to estimate to 
precision, based on the permeability of the foundation materials. Local experience 
with existing reservoirs built in similar soils in the area are the best guide for 
sealing the embankment Seepage losses can seldom be completely eliminated. 
USE OF MINOR RESERVOIRS 
Under many circumstances, minor reservoirs are essential components in a 
complete irrigation system. Reservoirs are management facilities whereby a 
variable or steady flow can be regulated into a different variable steady flow that 
is more convenient or efficient in terms of water, labour, energy and crop 
production. 
The most common uses of minor reservoirs in which the irrigation system is the 
key component, is to provide a number of functions as listed below. 
(a) Storage ofrun-<>fffrom rainfall for irrigation during dry periods. 
(b) Long term or temporary storage of water that may be available from surface 
or subsurface sources. 'Overnight' storage of the flow from a system 
delivering for use during the day. Re-regulating capacity needed to adjust 
flows of an undesirable size or to match the flow requirement of other 
elements of the irrigation system. 
(c) Control needed to maintain a desired surface or sub-surface water elevation in 
an adjacent area. 
(d) Flood mitigation. 
( e) Domestic needs of settlers. Water needs for wild animals and domestic 
animals such as buffaloes. 
(f) An aquatic environment for several water plants. Habitat for inland fish. 
(g) High water table in the highlands and forest lands. 
(h) Flexibility in the irrigation system. Re-use of drainage Water. 
RE-USE ASPECT IN DIFFERENT IRRIGATION SYSTEMS 
The integrated development areas considered in the study are fully in operation 
except System-L of the Mahaweli Ganga Development Scheme (MODS). To 
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illustrate the principle of re-use of return flows in the MODS, there are thirteen 
such Systems identified for development They are Scattered in the dry zone of Sri 
Lanka. System-H. System-C. System-B and System-G are the other independent 
development areas under evaluation. In each development area of the MODS, 
there are three components, which form the integrated concept They are given 
below. 
• Terrestrial environment 
• Aquatic environment 
• Human environment 
The five Systems of MODS under consideration have been developed with the 
provision of irrigation and social infrastructure and settlement of bOth farmer and 
non-farmer families, in the last three decades. Of these areas being examined, 
analysed and compared, the concepts of planning in respect of irrigation, landuse 
and human settlement are similar in System-H, System-C and System-B (Fig. 5). 
SYstem-H ofMGDS 
The irrigable extent ofSystem-H is about 30,000 Ha. The physical components of 
it shown in (Fig. 6) are listed below. 
<a) Approximate boundaries of command area 
(b) Large and medium size reservoirs incorporated into the irrigation system 
<c) Main canals, Branch canals, Minor reservoirs, Distributory canals, Primary 
and Secondary drainages 
(d) Town centres and Urban Centres 
A salient feature in System-H is that the Large and Medium size reservoirs are in 
cascade, providing storage and regulation. All reservoirs receive drainage water in 
addition to augmentation by irrigation canals (Fig. 7). 
However, the availability of reservoirs in close proximity to the settlement areas 
or villages is considered inadequate, as there are over 30,000 settler families 
resident in the bighlands. The size of a village varies ftom 100 to 150 families or 
homesteads. Return flows are necessary to augment these minor reservoirs to 
cater to the needs of the settlers. 
System-O ofMGDS 
The development area lies below an ancient trunk canal, which conveys water 
fi:om the river Amban Ganga to a large reservoir. The trunk canal runs along a 
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contour. Therefore all canals commanding the project area cut the ground 
contours laterally dropping towards the main drainage (river) with a substantial 
gradient. The irrigable area in System-G is about 5500 Ha. This system has been 
in operation for over four decades. 
The command area, its boundaries, and the irrigation and drainage system are 
shown in (Fig. 8), a physical component that is not seen in System-G in reservoirs 
of any size. The irrigable area is therefore commanded by a system of canals only. 
Even the villages which are located in the areas above the canal are not facilitated 
with small reservoirs, thus compelling the settlers to depend on the canal or the 
ground well for their domestic needs. 
In contrast to the irrigation system in System-H, the distribution canals in system-
G have been constructed along the contours with single banking, so that seepage 
and surface runoff could be collected. Some field canals also have been 
constructed to accomplish the concept of water reuse (Fig. 9). 
Another significant feature in the design of the irrigation system is that small 
anicut structures are constructed across some secondary and tertiary drainages. 
SYstem-C ofMGDS 
The irrigable extent in System-C, which is shown in (Fig. 10), is about 3000 Ha. 
There are nearly 31000 settler families engaged in agriculture and services. The 
size of a village varies from 200 to 300 homesteads. The command area lies 
between Mahaweli river and a series of large and medium-size reservoirs which 
are storage facilities on the main canal. These reservoirs receive surface run-off 
from their own catchments, in addition to augmentation. Therefore, these 
reservoirs perform dual functions in receiving return flows and enhancing the 
flexibility of the canals with storage (Fig. 11). 
System-B ofMGDS 
The irrigable lands in System-B are mostly of well -drained soils. The underlying 
layer below the top soil is nearly impervious. The irrigable area on the left bank of 
the main drainage, across the command reservoir, is about 30,000 Ha. The 
specification extent on the right bank: is about 14000 Ha which has yet to be 
developed for agriculture and settlement offarmers. (Fig. 12) depicts the 
developed area of the basin below" Maduru Oya Reservoir", with a large number 
of minor reservoirs, which are settled. One important feature in the canal-
reservoir irrigation system is that there are no reservoirs in cascade. The minor 
reservoirs are either fed by the canals or located to receive return flows (Fig. 13). 
Pimburettewa is the only medium size reservoir constructed across a secondary 
drainage. All minor reservoirs are stipulated across the tertiary drainages. Of the 
j 
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six development areas which are subjected to evaluation, system-B is the only 
project having concrete lined Main and Branch canals. 
Similar to System-C, the size of each village in System-B is in the range 200-300, 
and is in close proximity to a reservoir or two. The storage capacity of the entire 
developed area is concerned with the total volume of water available for 
agriculture. 
Walawe Basin (Right Bank ofWalawe River) 
The project area or the study area (Fig. 14) lies in the dry zone of the southern 
part of Sri Lanka. The irrigable extent is about 12500 Ha. commanded by two 
large reservoirs. Udawalawe is the main reservoir situated across the river, while 
the Chandrikawewa reservoir is built across the main tributary, to receive water 
from the main reservoir via the main canal, which transverses along a contour. 
The entire farm extent is irrigated by the canal network, which does not have a 
single minor reservoir within the command area. The only way return flows are 
collected is by Distributory canals and Field canals where they are in single 
banking. 
On lands with well-drained soils, water has to be saved by growing subsidiary 
crops such as banana and vegetables. 
SYstem-L of MODS 
This is an area situated in the heart of the dry zone. Ma-Oya is the river basin, that 
is being provided with irrigation and physical infra-structure under the integrated 
development planning concept. The right bank of Ma-Oya had been provided with 
an irrigation system about 50 years ago, with the restoration of an ancient 
reservoir across a tributary of Ma-Oya. The boundaries ofSystem-L, Padaviya 
reservoir, Ma-Oya and the minor reservoirs in operation on the left bank ofMa-
Oya are shown in (Fig. IS). However, to date only about 2000 settler-families 
have been established on the left bank. The command area on the right bank is in 
operation independently and managed by the Department ofIrrigation. 
Although, System-L is among the thirteen development areas identified under the 
MODS, this basin is yet to receive diverted waters of the Mahaweli River. At 
present the left bank is being developed under as integrated plan, with the 
construction or restoration of minor reservoirs. Villages are being established 
around the reservoirs. Each village consists of homesteads or farmer-families in 
the range 100-200 people. 
The water use efficiently needs to be very high due to scarcity of water and 
limited storage capacity, therefore a cascade of irrigation system is to be 
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established, wherever possible (Fig. (6). Thus, the return flows should be 
arrested, and stored or diverted by means of pick-up anicuts which then provides 
water supplies for both agriculture and settler needs. 
CONCLUSION 
Irrigation is a long established agricultural practice that enabled civilization to 
establish permanent settlements in the dry zone of Sri Lanka. The basic concept 
on which these hydraulic societies existed was their dependence on water 
reservoirs built across ephemeral streams to collect surface and ground water run-
off during each year. The water reservoirs are multipurpose to accommodate the 
community living around it. This idea has been incorporated into the irrigation 
and settlement planning of the integrated rural development projects during the 
second half of this century. 
Water reservoirs help to maintain the balance between surface run-off and water 
demand. Water is one of the basic elements of the environment and reservoirs 
have a fundamental impact, which cannot be overlooked when planning, 
designing and operating a reservoir system. 
The minor reservoir concept can be described as the integration of the water 
reservoir system with the other important sub-systems to yield several beneficial 
results, which finally lead to community development. 
Watet is necessary for all forms of life. However, fresh water is a f.rute and 
vulnerable resource, which is essential to sustain life, development and the 
environment. It is therefore appropriate, in the light of the analysis and evaluation 
of this study, to reproduce below, a cardinal principle adopted by one of the 
greatest kings of Sri Lanka. "Not a single drop of water received from rain should 
be allowed to escape into sea without being utilized for human benefit" 
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fig. 2. Average Annual Rainfall (1961.1990) 
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Fig. 3. Topographic Map Showing Minor Reservoirs In Cas<:ade 
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Fig. S. M-p of Sri lAnka Showing DeveJopmenI Areas 
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Fig. 8. Mahaweli OInga Devel~1 Scheme (System. 0) 
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Fig. I O. Mahaweli Gsnga Development Scheme (System - C) 
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Fig. 12. Mabaweli Ganga Development Scheme (System - B) 
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,COMPETING INTERESTS IN WATER RESOURCES 
MULTI-NATIONAL WATER USE - STRATEGIES AND AGREEMENTS 
CASE STUDY HUECO BOLSON GROUND-WATER STUDY 
RongKuo I 
ABSTRACT 
Ground-water pumping for municipal water supply 
accounts for a majority of the withdrawals from the 
Hueco Bolson, the major transboundary aquifer located 
in El Paso, Texas/Juarez, Chihuahua area. Since the 
early 1900's pumpage from the Hueco Bolson has exceeded 
the annual recharge. In 1995, a total of 168,000 acre-
feet (210 million cubic meters) was pumped from the 
Hueco Bolson, 60% was pumped by Mexico. As pumping 
increases with the anticipated population growth on 
both sides of the border, it is predicated that the 
Hueco Bolson will be depleted by 2030, unless some 
measures be taken. 
The cities of El Paso and Juarez recognize the strain 
on the water supply that each city government is 
facing. In 1995, the water utilities that supply water 
to El Paso and Juarez sought information exchange on 
the Hueco Bolson through the International Boundary and 
Water Commission (IBWC). 
The IBWC, following the traditional role of exchanging 
information on border water resources, held commission 
meetings in 1995-99 with various water resources 
agencies of the United States and Mexico. The 
information exchanged, included information regarding 
soil type, well construction data and use of wells, 
lithological descriptions, piezometric levels, results 
of ground-water qual1ty analysis (major irons),and 
pumping records . 'As the result, a binational report 
entitled "Transboundary Aquifers and Binational Ground-
Water Data Base, City of El Paso/Ciudad Juarez Area" 
was developed and pUQ1ished in January 1998. The 
1 Civil Engine.r, Ph. D., P.E., u.s. Section, International Boundary and Water 
CaaDi •• ion, El Pa.o, Tex •• 
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report summarizes and graphically integrates the 
information, and contains geohydrological maps and a 
bibliography. 
Further, mathematical grQund-water models for the 
aquifer on both sides of the border have been 
developed. The ground-water models will serve as 
supporting tools for the authorities in both countries 
charged with the planning for optimum utilization and 
administration of the ground-water resources of the 
region. 
Hueco Bolson Aquifer 
The Hueco Bolson extends from the New Mexico/Texas 
State line south to the Sierra Juarez to the west and 
to the Sierra El Presidio in Mexico and Sierra 
Guadalupe to the south in Texas. Fro~ the Sierra 
Juarez in Juarez, Chihuahua, Mexico, the Hueco Bolosn 
extends southeast to Indian Hot Springs, Texas 
(Fig. 1). 
The Hueco Bolson is one of the major transboundary 
aquifers between United States and Mexico. The Hueco 
Bolson is the principal aquifer which provides the 
total water supply for municipal and industrial use in 
the Ciudad Juarez, Chihuahua, and a significant portion 
of the water supply for municipal and industrial use in 
the city of El Paso, Texas. 
The primary occurrence of fresh ground water in the 
Hueco Bolson is in an irregularly shaped wedge of water 
bordering the Franklin and Organ Mountains and the 
principal water-yielding unit in the Hueco Bolson is 
the Santa Fe Group of Tertiary and Quaternary age 
(Kernodle, 1992). The Santa Fe Group consist's of two 
units: the lower Fort Hancock Formation and the 
overlying Camp Rice Formation. The Fort Hancock 
Formation predominantly consists of interbedded clays 
and silts while t~e Camp Rice Formation generally is of 
sands and gravel with some interbedded clays. 
L 
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Existing' Problems 
Ground-water pumping for municipal water supply 
accounts for a majority of the withdrawals from the 
Hueco Bolson. Since the early 1900's pumpage from the 
Hueco Bolson has exceeded the annual recharge which is 
estimated to be about 6,000 acre-feet (7 million cubic 
meters) per year from neighboring ground-water basins 
and 14,600 acre-feet (18 million cubic meters) per year 
from mountain-front r~charge (Sayre and Livingston, 
1945). In 1995, a total of 168,000 acre-feet (210 
million cubic meters) was pumped from the Hueco Bolson 
in which 60% of the total volume, 100,000 acre-feet 
(123 million cubic meters) was pumped by Mexico. 
Recent trends indicate that municipal pumpage in Mexico 
increased about 13% between 1990 and 1994 while 
municipal and military pumpage in the United States 
decreased 24.0% during the same time interval 
(Fig. 2). 
Pumping trends demonstrate increased dependance on 
ground water in this region of Mexico, and partial 
conversion from ground water to surface water use in 
this region of the United States. 
In heavily developed parts of the Hueco Bolson, 
drawdowns have reached 150 feet (45 m) since 1940 
(Fig. 3). 
Most of the drawdowns are near municipal wellfields 
which vary between 50 and 100 feet (15 and 30 m). Some 
of the highest rates of drawdown have occurred beneath 
Ciudad Juarez, where over 100 feet (30 m) of drawdown 
has been recorded in less than 25 years. As a result, 
a major portion of the metropolitan El Paso/Ciudad 
Juarez area recorded land subsidence of as much as 0.41 
foot (0.125 meters) between mid-1950's and the mid-
1980's. 
As pumping increases with · the present population growth 
on both sides of the border, ground-water experts have 
repeatedly warned that the Hueco Bolson will be totally 
depleted in 2030, unless some measures are taken. 
These measures include finding new water sources and 
l 
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significantly improving the management of these scarce 
ground-water resources. 
Exchange of Information 
The cities of El Paso and Juarez recognize the severe 
future situation of the water supply that each city 
government is facing. In 1995, the water utilities 
that supply water to EI Paso (El Paso Water Utilities) 
and Juarez (Junta Municipal de Agua y Saneamiento de 
Juarez (JMAS)) seek information exchange on the Hueco 
Bolson through the IBWC. 
The IBWC, following the traditional role of exchanging 
information on border water resources, held 
commission's meetings in 1995-99 with various water 
resources agencies of the U.s. and Mexico which have an 
interest in this resource. The information exchanged, 
included information regarding soil type, well 
construction data and use of wells, lithological 
descriptions, piezometric levels, results of ground-
water quality analysis, and pumping records. 
Binational Report 
There was a consensus that there was a need to 
integrate official ground-water data on the Hueco 
Bolson from the United States and Mexico into a single 
data base. A Binational Technical Group (BTG) was 
established to include personnel from both countries. 
From the United States representation was included from 
the U.S. Section of the IBWC, Texas Water Development 
Board, New Mexico Water Resources Research Institute, 
U.S. Geological Survey, and the U.S. Environmental 
Protection Agency; and from Mexico representation 
included the Mexican Section of the IBWC, National 
Water Commission (CNA), and ' the Ciudad Juarez JMAS. 
As the result, a binational report entitled 
"Transboundary Aquifers and Binational Ground-Water 
Data Base, City of EI Paso/Ciudad Juarez Area" was 
prepared and the final version was published in January 
1998. 
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The binational report includes a data base on ground 
waters in the EI Paso/Ciudad Juarez area utilizing 
information exchanged by the United States and Mexico 
during a series of official meetings coordinated by the 
IBWC. The report summarizes and graphically integrates 
the information, and contains geohydrological maps and 
a bibliography. 
The binational report does not arrive at any 
conclusions, but rather seeks to establish a joint 
ground-water data bank, accessible to anyone interested 
in this type of information, validated by the two 
Governments for international distribution. 
Mathematical Models 
In order to find better ways to manage scarce ground-
water resources, the BTG, working in a joint manner, 
developed mathematical ground-water models (Fig. 4 ~nd 
Fig. 5) for the aquifer on both sides of the border. 
The ground-water models will serve as supporting tools 
for the authorities in both countries charged with the 
planning for optimum utilization and administration of 
the ground-water resources of the region. 
It was recommended by the BTG during the 1995-96 IBWC 
meetings that each country create its own ground-water 
mathematical model to develop simulation of the 
regional aquifer system. Such models will provide 
better knowledge of the aquifer and would support the 
various' institutions charged with the management and 
planning of ground-water resources in both countries. 
For this reason both sides expressed an interest in 
knowing the functional aspects of the aquifer volumes 
of freshwater available and its 'distribution and to 
consider further development of each model for quality 
deterioration, salinity trends, and development of a 
suitable management plan. 
In order to develop two compatible models, a common 
zone covering areas on both sides of the border (Fig. 6 
and Fig. 7) was jointly identified ~o include the 
l 
160 Irrigation and Drainage in the New Millennium 
geographtcal boundaries corresponding generally to the 
Rio Grande alluvium. 
Within this zone, similar parameters and 
characteristics were used to be for both models. The 
BTG discussed details on the data, parameters used, and 
boundary conditions in this zone. It was agreed that 
any country can extend its model's coverage in the 
other country to a distance greater than the common 
zone; however, that country would use only the 
information already exchanged through the IBWC. If 
necessary and proper, the BTG would be able 
to recommend the exchange of additional data though the 
IBWC for that area outside the common zone. 
Results from both mathematical models under a steady 
state condition from 1903 to 1975 were compared and 
evaluated; Recommendations were made to improve the 
future transient model runs. 
It is expected that the development of the mathematic 
models will serve as tools for the authorities in both 
countries for suitable and equitable utilization and 
administration of the ground-water resources of the 
region. 
At the completion of the development of the simulation 
models a technical report will be prepared by each 
country on results obtained. The IBWC will then 
prepare a Joint Report summarizing and accepting the 
technical reports developed by each country. It is 
estimated that the models will be operational by 2001. 
International Boundary and Water Commission (IBWC) 
The IBWC was created more than a century ago by the 
governments of the United States and Mexico to apply 
the provisions of various boundary and water treaties, 
and settle differences arising from such applications 
through a joint international commission located at the 
border. The IBWC's. jurisdiction extends along the 
United States-Mexico boundary, and inland into both 
countries where they may have international boundary 
and water projects. 
Multi-National Water Use 
For more' than 100 years, the United States and Mexico 
have relied on the ISWC to apply their boundary and 
water treaties, and regulate and exercise the rights 
and obligations assumed under those treaties, along 
with resolving the differences that arise from such 
application. The ISWC exercises this responsibility 
along its 2,000-mile (3,OOO-kilometer) border 
jurisdictional zone, maintaining a relationship of 
mutual respect and understanding, and fostering a 
better international relationship so as to improve the 
health and well-being of the more than 10 million 
inhabitants in the border area. 
Today, the IBWC continues to playa major role in the 
United States and Mexico border environmental 
cooperation relationship with a vision of providing to 
its border are~ customers, environmentally sensitive, 
timely and responsive boundary and water services to 
make the region a better place to live. 
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DRAINAGE IN TIlE ARAL SEA BASIN: PAST AND FUTURE 
Victor Dukhovny' Vadim Sokolo'; 
Ulugbek Ruziev' 
ABSTRACT 
The geography and climate conditions definite the importance of irrigation 
development for life and economic activity within the Aral Sea Basin. Irrigation in 
Central Asia was the basis for development, employment and welfare of populations 
in all its history. In the conditions of arid climate the large-scale utilization of land 
for irrigated agriculture depends on the artificial drainage. This problem deals with 
two major land quality problems in the Aral Sea Basin. These are the interrelated 
issues of salinity and waterlogging caused by high groundwater levels. Only about 
600AlQfthe irrigated land (1999) are classified as non-saline, according to the 
Central Asian standards (the main criterion is total amoWlt of toxic salts in the soil). 
This paper describes current situation and possible solutions for soil salinity 
problems in the Aral Sea Basin. 
INTRODUCTION 
The Aral Sea Basin, which geographically coincides with boundaries of the 
biggest part of Central Asia, is located in the heart of the Eurn-Asian continent 
The Aral Sea Basin covers the whole territory ofTadjikistan, Uzbekistan, and part 
of Turkmenistan, three provinces of the Kyrgyz Republic, and the southern part of 
Kazakhstan (see Fig. 1). This territory covers an area about 1.55 million 1an2• The 
population in the region was about 39.8 million inhabitants in 1998. 
The western and the north-western parts of the Aral Sea Basin are covered by the 
K.ara Kwn and Kyzyl Kum deserts. The eastern and south-eastern parts are 
situated in the high mountain area of the Tien Shan and Pamir mountain ranges. 
The remaining part of the basin is the various types of alluvial and inter-moWltain 
valleys, dry and semi-dry steppe. The landlocked position of Central Asia, within 
the Euro-Asian continent, determines its sharply continental climate, with low and 
, Prof.1nLand Reclamation and Water Management, Director, Scientific-
Information Center, Interstate Commission for Water Coordination (SIC ICWC), 
11 Karasu-4, Tashkent, 700181, Uzbekistan. 
2 Ph.D. in Hydrology, Deputy Director, SIC ICWC. 
, Legal Specialist, Agew.;y of the GEF Project, S, A. Qodiry Street, Tasbkent, 
700128, Uzbekistan. 
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irregular precipitation. Large daily and seasonal temperature variations are 
characteristic of the region, with high solar radiation and relatively low hwnidity. 
Fig. 1. Map of the Aral Sea Basin. 
The rivers originate as a result of snow melt and rainfall in high mountains that 
reach up to 7,500 m to the west and south. The Amu Darya river originates in 
Afghanistan and Tadjikistan, and the Syr Darya river in the Kyrgyz Republic. 
Both rivers fall rapidly to the desert plains of downstream riparians: Uzbekistan 
and Turkmenistan on the Amu Darya; Uzbekistan, Kazakhstan and - to a small 
extent - Tadjikistan on the Syr Darya. 
The geography and climate conditions define the importance of irrigation 
development for life and economic activity within the Aral Sea Basin. Irrigation in 
Central Asia was the basis for development, employment and welfare of populations 
in all its history. The age of irrigation is the same as in ancient civilization centers of 
the world - Egypt, Mesopotamia, India, China, Mexico. The Horezm in the 
beginning of the first millennium BC was known as one of the significant center of 
agriculture in the world, where the cultivated area was more than two million ha. By 
Drainage in the Aral Sea Basin 
archeological investigations it has been identified as an Ancient Ariana. The 
population of the region has excellent traditions in the usage of water for irrigated 
agriculture. 
The infonnation of Russian geographers at the end oflast century showed that 
irrigated area in old Turkestan within the Aral Sea Basin was estimated at 2.5 to 2.8 
million ha. The large-scale expansion of irrigation in the region was promoted by 
the former Soviet Federal Government to develop the region as an agrarian 
appendage of the former Soviet Union. So-called "complex" development of 
irrigated agriculture started at the end of 1950-s. The growth of irrigated area over 
the region was tremendous: irrigated area was 4.5 million ha in 1960, 5.2 million ha 
• in 1970, 6.9 million ha· in 1980, and 7.5 million ha· in 1990. 
Out of the total area of 155.4 million ha in the Aral Sea Basin, over 59.16 million ha 
(or 38.1%) are cultivable land. In 1998 the total cultivated area within the Aral Sea 
Basin was about 10 million ha. This amount includes 9 million ha under the annual 
crops and about 1 million ha under permanent crops. The suitable area for irrigation 
is estimated at 32.6 million ha, but economic feasible irrigation potential was 
estimated at about 10.2 million ha, of which actual irrigated area is 7,948,100 ha (or 
only 5.1% of total territory of the Aral Sea Basin). 
The large-scale irrigation development has changed the hydrological cycle in the 
region and this has created serious environmental p'roblems in the Aral Sea Basin. 
The most dramatic was the shrinking of the AmI Sea and disruption of its 
ecosystems. Other changes included: (1) soil degradation as a result of 
waterlogging and salinization of irrigated land in the catchment areas of the AmI 
Sea Basin, (2) crop diseases and insect infestation, due particularly to the cotton 
mono-crop agricultural development, and (3) adverse health effects from the poor 
water quality in the main and tributary rivers. 
The unexpected collapse of the Soviet Union in 1991 added socio-economic 
problems to the AmI Sea Basin. With the collapse, prior sources of funds were cut 
off, and investments in water management, water supply, drainage, land 
reclamation, and the deltas were abruptly stopped. 
DRAINAGE AS A KEY ELEMENT OF IRRIGATION DEVELOPMENf 
The peculiarity orthe arid zone is that the wide utilization of land for irrigated 
agriculture depends on the artificial drainage. Two major and interrelated land 
quality problems have resulted in the AraI Sea Basin. These are issues of salinity 
and high groundwater. induced waterlogging. 
173 
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In the past, drainage was constructed only to protect land against waterlogging and 
to stop malaria. Drainage as a land reclamation measure was canied out on a small 
scale because of the lack of proper technical facilities. To drain the land. a network 
of open canals was usually dug. As a result, drainage was seldom sustainable for a 
long period. Large-scale drainage development in Central Asia began in mid of 
1960-s. Drainage has become an inseparable part of the "complex" land reclamation 
measures aimed at sustaining the agricultural production. It was also raised to a 
high technical level. 
The basic data on existing drainage in the AmI Sea Basin is presented in Tables 1 
and 2. Actually 56.8% of the irrigated area (4,513,253 ha) has drainage. Out of the 
total drainage, about 59.6% is surface (open) drainage, 26.2% - sub-surface, and 
14.2% is vertical drainage (tube-wells), mainly on the foothill slopes or in the area 
with clay soils. The vertical drainage is more commonly in Uzbekistan, Kazakhstan 
and Turkmenistan, but during the last seven years (1992-1998) sustainability of this 
type of drainage was reduced, because power cost increased, absence of spare parts 
and general shortage of funds for maintenance. In the new reclaimed area 
(Golodnaya steppe and Djizak steppe in the Syr Darya river basin, Surkhan-
Sherabad steppe and Karshi steppe in the Amu Darya river basin (all within 
Uzbekistan), and also in the zone of the Garakum canal in Turkmenistan), 
drainage is mainly sub-surface. Advanced sub-surface and vertical drainage 
provided before the optimal reclamation regime of irrigation with minimum of 
water consumption rate at 7.5 to 9.0 thous. m3/ha in comparison with 15 to 16 
thous. m3/ha with old types of drainage. 
Table I. Salinization and Drainage in the AmI Sea Basin (1998) 
Country Area under Area salinized Drained area 
irrigation 
ha ha % ha % %of 
1 2 3 4 5 100·512 total 
Kazakhstan· 742100 210000 28.3 332200 44.8 7.4 
Kyrgyz 462100 21200 4.6 21200 4.6 0.5 
Republic· 
Tadjikistan 719200 115000 16.0 328600 45.7 7.3 
Turkmenistan 1744100 652290 37.4 1022253 58.6 22.7 
Uzbekistan 4280600 2140550 50.0 2809000 65.6 62.1 
AmI Sea Basin 7948100 3139040 39.5 4513253 56.8 100 
' . • Only provmces 10 the Aral Sea baslO are mcluded 
At present, the main task is to rehabilitate the drainage system to a good working 
conditions. Collector-drainage network is maintained by the Ministry of Agriculture 
and Water Management The farms are in charge for on-farm collectors, vertical 
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drainage and some closed horizontal drainage within farm boundaries. The Ministry 
make repairs on inter-farm collectors, using funds from the State budget, so their 
technical conditions is usually satisfactory. The drainage network within frum 
boWldaries is usually not repaired. Due to the current maintenance difficulties, a 
large number of tube wells and part of the sub-surface horizontal drainage are 
operated contrary to their design. As more private farms appear in the future, further 
degradation of drainage systems can be expected unless preventive measures are 
taken. 
Table 2. types of Drainage in the AraI Sea Basin (1998) 
Country Total With Surface With Sub-surface Vertical 
Drained Drains Drains Drainage 
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Area (Tube wells) 
ha ha % ba % ba % 
1 2 
Kazakhstan· 332200 163700 49.3 15600 ·4.7 152900 46.0 
Kyrgyz 21200 11900 56.1 9300 43.9 0 0 
Republic· 
Tadjikistan 328600 191000 58.1 137600 41.9 0 0 
Turkmenistan 1022253 614572 60.1 322962 31.6 84719 8.3 
Uzbekistan 2809000 1709700 60.8 698300 24.9 401000 14.3 
AraI Sea Basin 4513253 2690872 59.6 1183762 26.2 638619 14.2 
• Only provlDces m the Aral Sea basm are mcluded 
As it is clear from Table 1, the soil salinity issue is still one of the principal 
problems in the AraI Sea Basin. Only about 6()0" of the irrigated area (1998) are 
classified as non-saline, according to the Central Asian standards (the main criterion 
is the total amount of toxic salts in the soil). In the upper reaches of the Amu Darya 
and Syr Darya river basins less than 10% of the area bas moderate or heavy salinity, 
while downstream about 95% of the area is heavy saline. The greatest soil salinity 
problem is in Uzbekistan, where about 25% of irrigated area are moderate or heavy 
saline. Salinity is, of course closely tied to natural drainage conditions. Moreover, 
since 1990, a growing water shortage, lower water quality, and the decay of 
enterprises responsible for the drainage systems maintenance (lack of repair and 
maintenance, lack of investments in drainage) bas resulted in an increased 
secondary soil salinization. Losses of crop production due to soil salinization are the 
problem, since they can reach 3()oA, of yield for cotton, but salinized areas are still 
cultivated to provide population employment. 
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RE1URN WATER GENERATION AND SALT PROBLEMS 
The drainage network is a basis for fonnation of return flow from irrigation, 
which together with wastewater from industry is a principal pollutant of the water 
eco-systems in the Aral Sea Basin. Variations of drainage and wastewater 
formation in the region during the last 25 years are shown on the graphs in 
Figures 2 and 3. Return water constitutes about 32.2 Ian'/year, or 25% of natural 
river flow in the region. Wastewater constitutes only 7.8% of this amount. 
Remaining part is drainage water, collected from irrigated areas, which constitutes 
30.7 Ian'/year, or over 40% ofwater withdrawal for irrigation. About 4.7 Ian) or 
14.2% of return water is re-used, mainly for irrigation. About 17.5 Ian) or 52.7% 
is a load to the rivers, and 11.0 Ian' or 33.1% are discharged into natural 
depressions. 
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The collector-drainage water has anthropogenic origin and consists of two 
components. The surface component of return flow is formed by the outfall from 
irrigated areas, losses from irrigation network, and also from water pumping by 
vertical drainage systems. Sub-surface components of these waters is formed as a 
result of infiltration from the irrigated fields and from the irrigation network 
where infiltrated water feeds the groundwater and then fully or partly discharges 
to the collector-drainage network. 
The investigation of collector-drainage flow formation showed that there is a very 
close correlation between water withdrawal to irrigation and return of drainage 
flow by taking into account the lag in time of drainage water formation. 
The return flow from irrigation (m'/ha) is calculated on the basis of: 
B l-Ks 
D+C=Or{Ks +O.S{ Ks +{l-Kir)]}+(I-Op+A*Oo-(Et+UBw-Wdis, (1) 
where : 
D+C - runoff of drainage-collector waters; 
Oir - irrigation water application rate; 
B - leaching part of water consumption; water required to support the necessary 
degree of soil desalinization; 
Ks - efficiency of irrigation systems; 
0.9 - this coefficient shows the perfect irrigation scheme in use (losses = 1(010); 
Kir - efficiency of irrigation technique; 
(I-O)gw - influx or outflow of groundwater in the irrigated area considered; 
A·Oc - portion of infiltration of rainfall (Dc) below the zone of aeration; 
(Et + U)gw - part of total consumption satisfied by groundwater (depends on the 
crop type); 
Wdis - runoff dissipation. 
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(D + C) - runoff of collector-drainage waters; 
Oir - irrigation water application rate; 
t - index of a month (1, ... ,12); 
m - the value of time lag shift between water diversion for irrigation and 
collector-drainage formation (in months); 
AI, A2 - regression coefficients. 
LEGAL ISSUES 
Unfortunately, during the fonner Soviet Union command system the main principle 
was that a cubic meter of river water used for irrigation and other users would bring 
more value than the same cubic meter, delivered to the ecological needs. This is 
causing the degradation of irrigated lands, lower crop yields and additional human 
health risks. After collapse of the USSR. an integrated regional co-operation·bas 
been frustrating, and raises organizational, financial and technical problems. 
Generally, it has a significant impact on environmental situation and health 
problems as a whole. 
Historically, from the first "Water Law ofTurkestan" of 1910, water scarcity and 
water quality are increasingly seen as a cause of domestic and international 
conflicts, and therefore is a risk to national stability and security. Water scarcity 
could contribute to a weak national administration as water scarcity and quality 
becomes a major threat in developing countries trying to achieve their social 
development objectives. 
First of all, we need to pay attention to the origin of the problems: transfonnation 
period to a marIcet economy; raised market economic, social, environmental and 
health stress; rapidly growing population; insufficient funds and lack of sources of 
finance; weakness of institutional and legal framework; absence of staff training and 
brain drain of scientific and engineering staff. These factors lead to many problems 
in all sectors, including agriculture and water management. 
It should be mentioned that at the present time, for most of the regional problems, 
institutional and international legislation is still lacking especially on transboundary 
water resources. Water relations needed a legal basis, because rivers in the region 
became transboundary. This required a new approach to inter-state negotiations in 
the sphere of water allocation and water use. The solution is to develop the relevant 
inter-state agreements and procedures in accordance with the intemationallaw and 
taking into account local historical traditions and experience. 
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The Central Asian states responded quickly to the need for a new legal basis for 
water allocation and management Water ministries of these countries jointly 
declared on September 12, 1991, that joint water resources management would be 
based on equity and mutual benefits. In order to overcome inherent inter-regional 
water issues and minimize ethnic tensions, the five Central Asian countries 
established an inter-state agteement on February 18, 1992. 
Each state has the right to manage on its territory by its own national resources and 
by part of the transboundary water as far as a quota agreed upon with other 
countries. The Aral Sea and its deltas had been defined as an independent water 
consumer and have its own quota for water. Transboundary water is the object of 
common ownership of the states and their development, protection and usage should 
be carried out on a basis of inter-state agreements by the inter-regional bodies 
according to the national requests and regional interests. 
According to the Agreement on Water Resources Management in the Aral Sea 
Basin, water allocation should be based on existing uses of water resources. The two 
river basin agencies should continue to perform basin management under the control 
of the Interstate Commission for Water Coordination (ICWC) and Basin Water 
Management Organizations (BWO) of the two main transboundary rivers, Amu 
Darya and Syr Darya. This management includes transboundary water allocation, 
monitoring of water use and water quality, data collection and information 
exchange, analysis, management and forecasting. 
Despite the fact that these institutions are working satisfactory, and they have a 
strong regional framework. and mutual understanding on water management issues 
between themselves and water management bodies in each republic as the members 
of one ''water team", they lack sufficient decision making and regulatory powers at 
the top level of political power. International agreements on transboundary water are 
urgently needed. 
A strong commitment to address water quality and environmental problems exists 
and was confirmed by the five Central Asia Head of States in the January II, 1994, 
"Plan of Action for Improving the Environmental Situation in the Aral Sea Basin" 
which includes among other projects, the Water Quality Assessment and 
Management sub-project that addressed these needs. Also, these issues were 
included in the scope ofwork. for the Global Environmental Fund's Project "Water 
Resources and EnviroIUDClltal Management in the Ara1 Sea Basin" started in 1998. 
Creation of a legal framework. in the water management sector, combined with 
modern irrigation and drainage practice, sociO«ODOmic and ecological 
requirements, and suitable low-cost technology would provide an opportunity to 
coordinate a transforming period in regional joint water management 
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Environment and water quality are the most sensitive areas of drainage impact. 
Therefore, such factors are concerned with solving problems related to drainage and 
environmental conditions in the Aral Sea Basin. This includes the need for 
development of a comprehensive scheme for collection and removal of drainage and 
wastewater in the basin: implementation of advanced and low-cost drainage 
technology; and support of pilot drainage and irrigation projects. Such actions will 
require the advanced engineering, institutional and financial measures as well as 
development of legal, juridical and regulatiVe base for water, drainage, irrigation 
and environmental management. 
Alongside engineering methods to improve water quality drainage including on-
farm and inter-farm and national level practices, for sufficient drainage policy on the 
regional level and improvement of transboundary water quality as a whole, we need 
suitable legal basis - an inter-state agreement on water quality, including obligations 
and requirements of the parties on this matter, and general ''rules''. 
Sufficient legal framework on the inter-state level requires new approaches in 
management, not only on the subject of water management and ecology, but on all 
sectors of economy and social being. Institutional (especially regional and NGO) 
and financial frameworks are absolutely essential. This is one of the main subjects 
of the Regional Water Resources Strategy being jointly prepared by the partners. 
The Regional Water Resources Strategy must prepare a number of principal 
measures (institutional, political and technical) for sustainable development. The 
regional cooperation should be based on basic principles of international 
cooperation and international water law: rights of each basin country for equal and 
reasonable water use; spending not as much as possible, but as much as required; 
not causing harm and damage to other riparian parties providing democratic 
management and involvement to all water users; parity, equal responsibilities and 
rights; cooperating and regularly exchange data and information. The main methods 
and instruments by which Governments of the Aral Sea Basin can seek to achieve 
water and related environmental policy objectives according to the above mentioned 
principles can be classified as regulation on the economic level (market principles, 
water pricing, taxes, etc.) and on the legal level (legislation, licensing, inter-state 
agreements, etc.). Water law can be regarded as a link between water policy and 
water users. 
At the present time the following set of draft agreements are being developed: 
• Agreement on Institutional Framework ofTransboundary Water Management in 
the Aral Sea Basin. 
• Agreement on Transboundary Water Use. 
• Agreement on Transboundary Water Planning. 
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• Agreement on Information Exchange and Development on the Interstate 
Database on Water and Land. 
• Agreement on Protection of Trans boundary Water Resources. 
• Amu Dalya and Syr Dalya River Basin Agreements. 
These agreements should support implementation of the regional water strategy and 
regional cooperation in the transboundary water management. These draft 
agreements are based on the international water law, with regard to the national 
strategies and laws, and have the objective to create the clear rules on allocation, 
pollution, water quality and biodiversity as well as a regional data bank. Drainage 
plans and developments require less data collection and less analysis than a regional 
water management strategy, yet they have to be included in the general database, 
like W ARMIS'. For this reason there is a draft agreement on information exchange 
between the five participating republics. 
Both the water users and decision-makers should develop a new approach to this 
problem. These agreements should be concluded on the basis of understanding their 
urgency and necessity. Otherwise, it will not be possible to use this instrument of 
regulating legal relationships. 
FUfURE OUILOOK 
The necessary prospective land reclamation measures in the Aral Sea Basin should 
include: 
• Eliminating the causes of excessive soil humidity and salinity (avoiding 
excessive supply water and improving water quality); 
• Providing more effective drainage of irrigated land by raising the efficiency of 
current drainage network and rebuilding them where needed. 
The drainage problems of the Aral Sea Basin are approached on the basis of actions 
needed in three principal components: 
• completion of drainage facilities as required by design; 
• reconstruction of the existing drainage facilities; 
• proper maintenance of the existing drainage facilities. 
4 W ARMIS - Water Rcso1Jn1CS Management Information System, 
which is under development by SIC ICWC with technical assistance 
from EU TACIS Program 
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To start these actions it is necessary to: 
• develop a more complete understanding of the present characteristics of land use; 
• improve the evaluation method assessment criteria of land melioration and 
fertility, considering the following: condition of irrigation and drainage 
networks, shortage of water J'eSOI.U'CeS and deteriorating quality or inigation 
water. Assess lands in Central Asia using the new criteria and methods; 
• develop a system to assess the state of drainage. Identify the operational state of 
existing drainage facilities and the need for rehabilitation measures; 
• determine standards for the drainage system design with consideration of on-
farm irrigation demands, water quality and the transition to new regulations on 
water and land use; 
• develop design standards for the operation of drainage systems that will allow 
responsibility for operation and maintenance to be transferred to Water User 
Associations. 
In principle, the proposed actions will minimize water losses in the inigation 
network, but will require great capital investment. It will require the following steps: 
• implement crop irrigation regimes in accordance with planned crop yields; 
• sharply reduce leaching regimes by adoption of intensive methods of crop 
cultivation (chemical ameliorants and organic fertilizers, deep ploughing, crop 
rotation); 
• secure uniform moistening and soil desalinization and minimize groundwater 
infiltration through optimization of the size of irrigated plots and land levelling; 
• revise crop selection with regard to the environmental, economic and social 
conditions in the region; 
• exclude highly saline lands from cropping; 
• raise the efficiency of inter-farm and on-farm canals irrigation networks by 
installing watertight lining; 
• organize the manufacture and large-scale introduction of better farm machinery 
and improve irrigation technology to achieve a uniform supply of water in 
furrows and consistent moistening of the root zone; 
• organize regular cleaning and maintenance of inter-farm and on-farm collectors 
and water intakes to prevent further deterioration of primary drains and carry out 
the appropriate drainage of inigated lands; 
• initiate repair and rehabilitation works of on-farm drains, drainage collectors and 
tube wells, as well as expansion of the modem drainage technologies. 
The next objective is to develop activities and principles for water disposal 
management. The goal should be to maintain total wastewater quality and 
quantity on an economically feasible and environmentally sound level, and 
provide negative balance of salts and other ingredients, irrespective of water 
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availability. Proceeding from this objective, the following tasks should be carried 
out: 
• identify locations, volumes and time of wastewater discharges along the two 
rivers, as well as qualitative characteristics thereof; 
• define measures for addressing pollution of environment by wastewater OD the 
formation sites; 
• study and analyze drainage outflow schemes; 
• define measures for protecting rivers from pollution by wastewater and 
collector-drainage effluent at the points of their formation; 
• calculate discharge limits for salts and pollutants to the rivers to prevent the 
maxim\lDl allowable concentrations to be exceeded; 
• identify the sanitation releases on various sites of the rivers to support 
minimum epidemiological medical and ecological river discharge. 
To meet these tasks it is necessary to undertake the following steps: 
• Conduct feasibility study for ecological requirements to the river water quality 
with consideration of different users' interest. 
• Study the existing system of water disposal in the AraI Sea Basin for the 
following aspects: 
• types of wastewater subject to withdrawal (industrial, communal, 
agricultural); 
• water receivers (river, the sea, groundwater horizons, local depressions, etc.); 
• types of pollutants (petroleum products, mineral fertilizers, bacteriological 
pollutants, biogenic substances, etc.); 
• degree of wastewater treatment (without treatment, treated by mechanical, 
physical and chemical, and biological means). 
• Inventory the non-point and point wastewater discharge into water sources 
according to water management districts. 
• Prepare schematic mapping of irrigated lands by independent irrigation 
systems for identification of actual water supply, drainage water discharge, 
quantitative and qualitative characteristic of water delivered and discharged, 
assessment of salt and pollutant redistribution processes. 
• Assess drainage capacities of irrigated areas in the basin, their efficiency and 
technical conditions. 
• Assess present status of coUector-drainage water and prospective to reduce its 
volume by introducing water saving irrigation technologies, inter-system 
utilization of drainage water,. using it for soil recharge by means of 
groundwater level regulation (sub-irrigation). 
• Study the possibility of circular water supply, secondary and sequential re-use 
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introduction of "dry" technologies in various branches of economy 
(discharging wastewater). 
• Study the character of quantitative changes in the composition of collector-
drainage water, which is presently disposed to local depressions. 
• Assess the efficiency of various options for collection and evacuation of 
collector-drainage and wastewater to the Aral Sea in both river basins. 
• Develop principles for wastewater management, including establishment of 
limits, regimes and schedules for wastewater disposal into the river. 
CONCLUSIONS 
Given the large area of the Aral Sea Basin, it's international character, population 
pressure, scale of irrigation developments, and extensive environmental 
degradation, the finalization and adoption of the draft agreements are vital. These 
agreements could then lead to the implementation of Regional Water Resources 
and Environmental Management Strategy, which has of utmost importance to all 
the riparian states. The implementation of such strategy would create conditions 
for ecologically stable socio-economic development of each of the five Basin 
States and the Basin as a whole. The international community via the World Bank 
is ready to assist the States of Central Asia in designing and managing such 
Project to the maximum extent possible. 




Cross-boundary issues in water resources development and management are very 
popular throughout the world. One of the most notable cross-boundary issues 
facing irrigation is water resources allocation between urban and rural areas, and 
typically industrial and agricultural uses. In many areas in the world, agricultural 
water resources (typically irrigation) is severely impacted by urbanization, which 
has been one of the crucial restricting factors to sustainable agriculture of the 
world, especially that of developing countries. This paper presents the impact of 
urbanization on agricultural water resources. The general impact in China is 
briefly described. Some special solutions to the impact are recommended which 
include raising the design standards of irrigation projects, bestowing priority on 
farmland irrigation, and stipulating an upper limit to the water available per 
capita. More attention should be paid to the comprehensive solutions: to set up a 
water-saving society, to strengthen water pollution prevention and water resources 
protection, and to speed up capacity building. A strategic framework for 
sustainable water resources development and management for the new 
millennium is proposed for central Shaanxi, one of China's typical regions 
suffering from severe water shortage. Based on the analysis of basic demand for 
sustainable development and probable water resources available, an amount of 
500 cubic meters of water per capita per year on average might be an upper limit 
to this region. A rough allocation of the water to agricultural, industrial, 
residential and environmental for the year 2020 is suggested based on the 
objective of self-sufficient food supply, continuous development of industry, 
persistent improvement oflife quality, and safe environment These solutions may 
also be appropriate for most developing countries and other countries with similar 
. issues. 
INTRODUCTION 
Urbanization is an essential trend of the developing world, which is accompanied 
by rapid industrialization and population growth in persistently expanding urban 
areas. One of the most important characteristics of urbanization is rapid increase 
in water demand for residential and industrial uses in urban areas. The residential 
I Professor ofbydrolo&>, IIId water nI.'IOUl'CCS, ColI. ofWlItcr ~ IIId ArdIi1cduraI EngineerIaa. 
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712100, Tho People's Jtepubllc orClina. 
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water use includes domestic and municipal uses. The increase in water demand in 
urban areas often causes chronic urban water shortages because the deficit 
between water supply and demand may result in severe conflicts between 
different water users. Water scarcity has become one of the crucial restrictions to 
further development of the urbanized and urbanizing areas. 
There are two commonly acceptable approaches to meet the increasing water 
demand in the growing urban areas. The first approach is to exploit new water 
sources to heighten water supply capacity of urban water supply systems. The 
second one is to develop highly efficient water-saving techniques to reduce net 
water consumption in urban water utilization systems. However, this is difficult to 
accomplish due to natural scarcity, deficient availability and uneven geographical 
distribution of freshwater, as well as lack of advanced technology, sufficient 
investment and powerful management. It may be possible to plan and implement 
projects and programs to solve the conflicts and meet the needs in some regions or 
countries with relatively abundant water resources. However, it is difficult for 
most developing countries because of their relatively lower levels in development 
in water supply projects and water-saving techniques. In addition there may be a 
lack of sufficient technical and financial supports to further the development of 
new water sources, especially, those in arid and semiarid areas. 
In some developing countries or regions, a commonly adopted approach in 
making up for the deficit between water supply and demand in urban areas is to 
share the water which was originally intended for farmland irrigation, domestic 
and livestock uses in rural areas (so-called agricultural water resources). This has 
become one of the most notable cross-boundary issues impacting sustainable 
development of agriculture, the socio-economy and the environment. 
A direct consequence of urbanization to agricultural water resources is the severe 
impact on the security of water quantity for agricultural uses. Urbanization also 
induces severe impact on the security of water quality of agricultural water 
resources frequently caused by a large amount ofurban wastewater and pollutants 
returned into water sources directly used for farmland irrigation, as well as air 
pollution-induced acid rain. Therefore, the impact of urbanization on agricultural 
water resources consists of two aspects: quantity and quality of the water 
resources. These factors could cause crucial socio-economic issues and become 
tremendous restrictions to food security, economic growth, social progress and 
environmental safety. 
To investigate both aspects of the impact of urbanization on agricultural water 
resources and to seek appropriate approaches to solve the issues are of major 
concern and should be well dealt with in depth. The purpose of this paper is to 
present the current status on the impact of urbanization on agricultural water 
resources in China and offer strategic solutions to reduce the impact. The paper 
also provides a brief case study on central Shaanxi, one of China's typical regions 
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suffering from severe water shortages, under the consideration of basic water 
demands for a sustainable agriculture and a safe environment. 
IMPACTS OF URBANIZATION ON AGRICULTURAL WATER RESOURCES 
Every event has its cause and effect. so has the impact of urbanization on 
agricultural water resources. To understand the cause and effect of the impact is a 
basic requirement for seeking rational solutions to the problems. 
Driving Forces 
Several forces drive the impact of urbanization on agricultural water resources. 
They are rapid population growth and concentration, high-speed industrialization 
and increasing number of cities and expanding urban areas. 
Rapid population growth and concentration: The development of socio-economy 
in a given region or country often results in rapid growth and high concentration 
of population in its urban areas. A high ratio of urban residents to total population 
is one of the most notable characteristics of developed countries compared to that 
of most developing countries. In 1990, for instance, the percentage of urban 
population was 75.2% in the United States and only 26.4% in China (the State 
Statistical Bureau, 1997). The rapid growth of population in urban areas leads to 
bigh concentration of the population. The density of the population in urban areas 
is much higher than in the countryside. 
People living in urban areas require more water for domestic and municipal uses 
to heighten their living standards. Therefore, rapid population growth in urban 
areas is a direct determinant to increasing water demand for domestic and 
municipal uses. For example, as the largest developing country of the world, 
China has made remarkable achievements in its economic development and 
modernization and received international acclaim since 1978 with the onset of 
reform (Elizabeth Economy, 1997). Correspondingly, the population in urban 
areas increased from 172 million by the end of 1978 to 370 million by the end of 
1997 (the State Statistical Bureau, 1998). The population has doubled in the past 
two decades and the percentage ofurban population increased from 17.9% to 
29.91';' during the period of the two given years. Figure 1 shows the accumulative 
population growth rate (ratio of annual to 1978's population) in urban areas where 
the growth rate in 1978 is assumed to be 100% and the ratio of urban to total 
population in China. 
High-speed industrialization; Industrialization and urbaniZation are twin sisters. 
Industrialization causes urbanization, and urbanization accelerates 
industrialization. The reality of the world shows that the more the 
industrialization, the more the urbanization, and vice versa. 
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Fig. 1. Population growth in urban areas in China (data source: the State 
Statistical Bureau, 1998) 
Regardless of the level of industrialization of a region or country, the key driving 
force to water resources is the speed of the industrialization. The higher the speed, 
the stronger the force. In particular, this could cause crucial industrial water 
shortages. China is also a typical example of severe water scarcity in industrial 
uses along with its high-speed economic industrialization. According to the State 
Statistical Bureau (1998), China's GOP (Gross Domestic Products) of industry 
increased 19.8 times during the period of 1978 to 1997. The average annual 
growth rate of industrial products was up to 10.5%, the highest in the world. 
Figure 2 illustrates the accumulative growth rate of industrial GOP (ratio of 
annual to 1978's GOP) where the growth rate is assumed to be 100% in 1978. 
Increasing number of cities and expanding urban areas: On one hand, new cities 
continuously appear and grow. On the other hand, old cities are always under 
reconstruction and expansion. Within the past several decades, the number of 
cities in China dramatically increased to 668 in 1997, while it was only 191 in 
1978 and 79 in 1949 (the State Statistical Bureau, 1998; Water Resources Bureau 
of the Ministry of Water Resources, 1995). 
The most typical new city in China may be Shenzhen (see Figure 4), now called 
the window of reform and opening of China. It has become a worldwide famous 
modem metropolis. According to the Shenzhen Statistical Bureau (1998), the 
population of the city was 3.80 million by the end of 1997, which was 12 times 
the 0.31. million in 1979 when it was still an unknown small "fishing village". Its 
industrial products increased 233 times during the same period, which was 
approximately 12 times the national average. 
Impacts and Solutions to Urbanization 
II. 2100 8 
1 1800 








e 0 < 1975 1980 1985 1990 1995 2000 
Year 
Fig. 2. Accumulative growth rate of industrial GDP (ratio of annual to 1978's 
GDP) in China (data source: the State Statistical Bureau, 1998) 
At the same time, the constructed area of the cities in China was increased to 
20,214 kml by the end of 1996. It was doubled in last ten years (the State 
Statistical Bureau, 1988, 1997). 
Conflicts Between Urban Water Demand and Supply 
Rapidly increasing water demand: In the process of urbanization, water demand 
for residential uses will inevitably increase with rapid population growth. On one 
hand, the people living in cities require persistent improvement of their living 
quality. In relation to water demand, popularization of piped water provides 
chances for wide uses of house showers and washing machines in cities. They are 
highly water-consumed compared to traditional living surroundings. On the other 
hand, with the improvement ofliving quality, the people living in cities desire 
more public water-related recreational facilities. It usually leads to rapid 
construction of municipal infrastructures, such as swimming pools, water 
amusement parks, water landscapes, green land irrigation and municipal 
sanitation. 
Similarly, at the developing stage of urbanization in a region or country, rapid 
increase in industrial water demand is also inevitable. According to an urban 
water resources plan, 270 cities of China were water-short in 1990, which was 
57.S-A. of the total cities (Water Resources Bureau of the Ministry of Water 
Resources, 1995). Residential and industrial water demand in 1990 was 23.03 
Oml (billion cubic meters) while predicted demands are 48.19 Oml by 2000 and 
71.37 Oml by 2010, respectively. The number of cities is increasing, including the 
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Fig. 3. Increase in piped water supply in recorded city's urban areas in China 
(data source: the State Statistical Bureau, 1981-1998) 
water-short cities. An estimated countrywide water demand for residential and 
industrial uses in urban areas by 2000 is 152.12 Om3 (Institute of Water 
Resources and Hydropower Planning and Design of the Ministry of Water 
Resources, 1989). 
Figure 3 presents the increase in piped water supply and accumulative growth rate 
of the water supply (ratio of annual to 1978's water supply) in city's urban areas in 
China, where the growth rate in 1978 is assumed to be 100010. In the city's urban 
areas with recorded piped water the pipes supplied 6.1 times water in 1997 and 
6.3 times (the highest) in 1995 compared to the water supplied in 1978. 
Slowly growing water supply capacity: Increased water demand needs 
correspondingly heightened water supply capacity. The Chinese government made 
the decision to promote the building of urban water supply systems. Some 
projects have been well planned and designed, some have been built and put into 
operation. and some are under construction. All cities of China have solutions to 
their water shortages. However, the speed of building urban water supply capacity 
has not yet kept pace with the increasing water demand due to relatively long 
construction periods of water projects, inadequate investments allocated to the 
projects, and some societal; economic, political and legislative reasons. 
Deficit between water supply and demand: The unbalance between the water 
demand and supply win lead to water deficit in urban water resources systems. In 
the urban water resources systems of the aforementioned 270 water-short cities, 
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the total water deficit of residential and industrial uses are estimated to be up to 
12.12 Om3 by 2000 and 35.30 Om3 by 2010 if no new projects were put into 
service and only the currently available water supply projects of the year 1990 
were used. Moreover, if all the planned new and reconstructed water supply 
projects for urban areas in the planning period were completed and put into full 
services, the deficit could not be completely filled and would still be in the range 
of6.87 Om] by 2000 and 10.25 Om3 by 2010 (Water Resources Bureau of the 
Ministry of Water Resources, 1995). In fact, the number of water-short cities may 
currently be counted at over' 300 and up to 400. The countrywide urban water 
deficits in fact are much higher than the above figures. 
Impacts on Quantity of Agricultural Water Resources 
Although it is difficult for China to meet the increasing water demand for 
residential and industrial uses in urban areas. a surprising fact is that actual water 
supplied to urban areas has been steadily increasing. The total water supplied to 
all China's cities and towns in 1997 was reported to be 115.48 Om3, in which 
24.68 Om' for residential uses and 90.80 Om' for industrial uses, respectively (the 
Ministry of Water Resources) 1998). This is very close to the predicted total urban 
water demand of 113.30 Om estimated from the total demands in 1980 and 2000 
(Institute of Water Resources and Hydropower Planning and Design of the 
Ministry of Water Resources, 1989). using an average annual increment rate 
during the period. This implies that the estimated water deficit at the planning 
level has been filled though there were many reports about regional and seasonal 
water shortages in urban areas. The reported water scarcity indicates that the 
predicted water demand might be less than the real demand. In fact, a large part of 
the increased urban water supply bas been the shared agricultural water resources 
including both surface water and groundwater. 
As early as the beginning of the 199Os, the water supplied to urban areas by the 
projects controlled by the Ministry of Water Resources and its sub-agencies has 
been as high as 55.5 Om3 (Reo and Huang, 1992). Most of the water was supplied 
by former rural water supply projects. 
Impact on surface water: In addition to the original and newly built urban water 
supply projects. the contributors to the urban water supply are projects originally 
built for rural water supply. In order to solve the current water scarcity in urban 
areas, a large number of surface water supply projects for rural uses are now 
required to be shared and transferred in part or whole to urban uses. This is partly 
based on the priority to domestic uses stipulated in the Water Law of the People's 
Republic ofCbina (the State People's Congress of the PRC, 1988) and partly due 
to high output of industries. 
Typical examples of sbaring or transferring agricultw"al water resources for urban 
utilization are numerous. The notable example is Beijing, the capital of China. 
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Beijing has been facing severe water shortages for a long time and has become 
one of the most water-short cities in China. Because it is the capital, much more 
attention has been focused on its water supply security. A large-scale construction 
of water supply projects started in the early 1950s made considerable contribution 
to the city's safe water supply. The well-known two reservoirs, Miyun on the 
Yongding River and Guanting on the Bai River, the tributary of the Yongding 
River, once were major surface water sources of Beijing for both urban and rural 
uses, as well as for the uses of its neighbor city, lianjin. 1be locations of the two 
cities are shown in Figure 4. 
By 1980, annual total water used in Beijing was 4.92 Om3, in which 1.75 Om3 
(35.5% of the total) for urban residential and industrial uses and other 3.17 Om3 
(64.5%) for rural uses, mainll farmland irrigation. An estimated total water 
demand for 2000 is 52.7 Om and the portions for urban and rural uses are 23.6 
Om3 (44.8%) and 29.1 Om3 (55.2%), respectively (Institute of Water Resources 
and Hydropower Planning and Design of the Ministry of Water Resources, 1989). 
Although the city operated under water shortages both the urban and rural had 
been steadily developing without acute conflicts in water challenges at that time. 
Unfortunately, since 1980, with unprecedented development of the city and 
relevant regions, increased withdrawals on the upper reaches of the Yongding 
River and persistent droughts together induced significant reduction of the two 
reservoirs' inflows. This severely threatened the security of the city's water supply. 
Facing this crucial situation, the State Council of China made a decision to ensure 
the security of the water supply in the capital area through reducing its rural water 
supply and stopping the water supply to lianjin (Institute of Water Resources and 
Hydropower Planning and Design of the Ministry of Water Resources, 1989). 
Since then, the conflicts in water allocations for urban and rural uses in Beijing 
have been acute. The problem could not be solved until the planned South-North 
Water Diversion Project (to be the largest interbasin water diversion project in 
China) is completed, and this is in spite of over-depletion oflocal groundwater for 
current uses. 
Another typical case is the urban water supply systems in Liaoning province in 
northeastern China. A planned amount of surface water for industrial and 
residential use was 0.35 Om3 supplied by eight reservoirs on the Liao River, the 
Hun River, and the Taizi River in the province. The actual amount of the water 
supplied into the urban water supply systems was increased to 1.23 Om3 by the 
early 1980s. The increased water in urban areas was mainly obtained from rural 
uses (Institute of Water Resources and Hydropower Planning and Design of the 
Ministry of Water ResomceS, 1989). 1be situation has been getting worse. For 
instance, the annual average water for industrial and residential uses supplied by 
Dahuofang Reservoir on the Hun River, one of the eight reservoirs, was 0.26 Om3 
in 1981 and increased to 0.45 Om3 by 1995. Meanwhile, the water for farmland 
irrigation was reduced from 0.88 Om3 to 0.48 Om3 (the Management Bureau of 
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Dahuofang Reservoir, 1986 and 1996). 
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Fig. 4. Map of China with locations of the cities, provinces and major rivers 
mentioned in the context 
Impact on groundwater: Aforementioned are typical cities depending on use of 
agricultural water resoW'Ces. They directly impact the surface water quantity of 
agricultural water resoW'Ces. In addition, an impact of urbanization on agricultural 
water resources is over-abstraction of groundwater in both urban and near suburb 
areas for urban uses. It is seemingly an indirect impact but the consequence could 
be dangerous. 
Similar to most of the world, in China, surface water is significantly affected by 
changing climate and human activities and has high variability in space and time. 
Moreover, groundwater has traditionally been major urban water resource and 
plays an important role in water supply in most cities. In some cities groundwater 
is the only water soW'Ce. For example, Xi'an, the capital city ofShaanxi province, 
surface water was never diverted into the city to improve its water supply in spite 
of the severe geo-environmental hazards induced partly by over-pumping of 
groundwater until the severe water crisis during the early 19908 (Feng et al., 
1999). 
The over-withdrawal of groundwater caused chronic declines in groundwater 
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tables, caused many large and deep cones of groundwater depression, and led to 
hazardous land subsidence and fissures, as well as saltwater intrusion. It was 
reported that in 1990 there were 56 regional huge cones of groundwater 
depressions in China. Most of the cones were centered near large water-short 
cites. Total area of these cones on the ground was up to 87,000 km2 and was 
continually getting larger and deeper. In some cities groundwater tables had 
declined over a hundred meters with a continuing annual decline of2 m to 4 m 
(Water Resources Bureau of the Ministry of Water Resources, 1995; the Ministry 
of Water Resources, 1998). Though they occurred in urban areas and/or water 
source zones of the cities, they seriously affected the quantity of agricultural water 
resources indirectly. 
The heavy decline in groundwater tables implies that the aquifer is getting 
unwatered from cones' centers to the outer margins with steep hydraulic slopes. 
This can lead the groundwater to flow from rural areas outside the cones with 
higher water tables towards the cone center under the urban cities. As a result, the 
groundwater in the rural areas flows into urban areas, accompanied by a decline in 
the water tables in rural areas, which makes pumping more difficult and 
sometimes impossible for rural uses. Meanwhile, it may cause changes in soil 
water status on farmlands and further affects land productivity. 
Impacts on Quality of Agricultural Water Resowces 
The impact of urbanization on quality of agricultural water resources mainly 
covers the following aspects. 
Urbanization-induced water pollution and its imoact: Urbanization contributes to 
consumption of a large amount of natural resources but also products a large 
amount of wastes. A large quantity of residential and industrial sewage is 
frequently directly discharged into surface water bodies without proper treatment. 
Most of the wastewater comes from urban areas and becomes main pollution 
sources in developing countries (Morcoux, 1994). It pollutes not only the urban 
environment but also the entire environment, as well as agricultural water 
resources. 
In China, though the urban sewage effluents have been properly controlled and 
the amount of the sewage discharged into water bodies in some weU-controlled 
typical regions was reported to be gradually reduced or properly treated, the total 
amount of the wastewater within the country is still large and enough to severely 
pollute the water involved. In some regions, water quality is getting worse. The 
water in rivers, lakes and reServoirs has been universally poUuted, except for 
some remote inland rivers and individual branches of water resources systems. In 
1997, the total amount of discharged wastewater was 4l.6 billion tons, of which 
22.7 billion tons was industrial liquid waste and 18.9 billion tons was residential 
sewage. With industrial wastewater, the county-level and above industries 
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produced 18.8 billion tons and the Township and Villages Industrial Enterprises 
produced the other 3.9 billion tons. Because the large amount of the wastewater 
was discharged into water bodies, in a total length of 65,405 km of monitored 
river sections, the length of water quality was in Grades 1 and 2 of the national 
Quality Standards for Surface Water Resources (SL 63-94) (the Ministry of Water 
Resources of the PRC, 1994) was only 32.8% of the total length, 23.6% in Grade 
3,27.7% in Grades 4 and 5, and 15.6% above Grade 5. Particularly, in 138 
monitored river sections flowing through urban areas, water was polluted above 
Grade 5 in 53 sections, Grades 4 and 5 in another 53 sections, Grades 2 and 3 in 
the other 32 sections, and no Grade 1 existed. Meanwhile, up to 50010 of 
groundwater in urban areas was also polluted (the Ministry of Water Resources, 
1998; the State Environmental Protection Administration, 1997 and 1998). 
Economic losses of urbanization-induced water pollution include those resulting 
from the impact of water pollution on farm yields, livestock and fisheries, as well 
as human health. According to Xia (1998) total economic loss resulting from the 
impact of water pollution within the country was 21.86 billion RMB yuan (2.63 
billion US dollars) excluding industrial loss. This loss includes 0.70 billion RMB 
yuan of wastewater irrigation caused farm yields reduction, 1.16 billion RMB 
yuan of water pollution damaged livestock and fisheries, and 20.00 billion RMB 
yuan of polluted drinking water and food caused human diseases (including urban 
residents' health loss). 
Urbanization-induced acid rain pollution and its impact: Urbanization-induced 
acid rain pollution has an important and widespread impact on agricultural water 
resources as well as eco-environment In China, the area receiving acid rain is 
now about one third of its territory. It is mainly distributed to the south of the 
Yangtze River and to the east of the Qinghai-TIbet Plateau. According to the data 
from 84 cities in the State-Controlled-Network, in 1997, annual average pH value 
of acid rain in 44 cities, i.e., 52.3% of the total monitored cities was less than 5.6 
and varied among 3.74 and 7.79 in the entire acid rain covered region. In some 
cities the pH value was less than 4.5. The occurrence frequency of the acid rain 
was equal to or greater than 60010 in 24 cities and greater than 90% in 5 cities in 
the State-Controlled-Network (the State Environmental Protection 
Administration, 1997 and 1998; Wang, 1999). 
Most of the acid rain in China was caused by air pollution from industrial and 
residential waste gasses in urban areas. Inversely, acid rain heavily polluted the 
environment. In particular, the acid rain severely damaged crops and polluted the 
soils on farmlands as well as local water bodies in the acid rain covered region. 
According to a research carried out by an expert group organized by the State 
Environmental Protection Administration in 1994, annual total economic loss 
resulting from acid rain pollution in 1992 was approximately 14 billion RMB 
yuan (1.69 billion US dollars). The estimated loss was confirmed by the State 
Environmental Protection Administration and others (XiI, 1998). Most of the loss 
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was due to acid rain-induced decline in agricultural products including crop 
yields, livestock and fisheries, as well as human health-related losses. 
Urbanization-induced saltwater intrusion and its impact; This kind of urbanization 
impact occurred in coastal cities with over-withdrawals of groundwater. 
According to the Ministry of Water Resources (1998) the area which was intruded 
by saltwater was up to 1,433 km2 along the coastal cities in only three northern 
provinces (Liaoning, Hebei and Shandong provinces, see Figure 4). It affected the 
security of drinking water of 90 million people and 24 million animals and 
resulted in the loss of 1.26 million tons of grain. 
SOLUTIONS 
China's water issues have been of long standing. Its water scarcity, in particular, 
and water-short-related problems concerning sustainable development have 
attracted worldwide attention and have been recognized as one of the most severe 
restricting factors to China's sustainable development in the forthcoming new 
millennium (the State Council of the PRC, 1994; the Sate Planning Commission 
and the State Scientific and Technological Commission. the PRC, 1994; Elizabeth 
Economy, 1994; Brown and Hal~eil, 1998). 
Facing the severe restriction to the nation's sustainable development, China bas 
made considerable efforts in solving water scarcity and achieved universally 
acknowledged successes (Institute of Water Resources and Hydropower Planning 
and Design of the Ministry of Water Resources, 1989; Qian, 1991; the 
Compilation Committee of Almanac of Ghina Water Resources, 1988-1997). It 
was the successes in China's water issues' solutions that ensured China's high-
speed economic development and food security in the past several decades. 
In recent years, China conducted a series of researches on water resources and 
attempted to solve its water scarcity. Many strategies, approaches and measures 
have been proposed on current and long-term developing levels as part of socio-
economic development plans and the agenda 21 (the State Council of the PRC, 
1994; the State Planning Commission and the State Scientific and Technological 
Commission, the PRC, 1994). Water-saving agriculture, especially water-saving 
irrigation is now being popularized in water-short areas. Countrywide, water-
saving cities are being establishment. The research results on China's water and 
water-related issues are thoughtful in both concept and reality. However, in 
relation to water scarcity, the current research seems to favor retaining many of 
the traditional models. For instance, in the current water resources plans, water 
demands and solutions are still based on the traditional "determine the supply 
according to the demand". Although the concept of "determining demand 
according to supply" bas been introduced for a period of time it is still on the level 
of suggestion. This could lead to over reliance on the "inflow" or "passing through 
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flow", and interbasin water diversion instead of making efficient utilization of 
local water resources under a target upper limit to the water available per capita. 
Meanwhile, the impact of urbanization on agriCUltural water resources seems to 
not be fair for rural water users in the currently available plans. 
To reduce the impact of urbanization on agricultural water resources, China needs 
to (1) raise design standards of irrigation projects, (2) bestow priority on farmland 
irrigation, (3) stipulate an upper limit to the water available per capita in each 
given urban area, (4) set up and promote a water-saving society, (5) strengthen 
water pollution prevention and water resources protection, and (6) speed up 
capacity building. The first three solutions are directly concerned with agricultural 
water resources and the others are universal solutions. The three direct solutions 
are now described as follows. 
To Raise Design Standards ofIrrisation Projects 
In China, farmlands have been irrigated for thousands of years. In the past several 
thousand years, the farmlands were irrigated without design standards for the 
concemed water supply projects in spite of advanced designs such as the famous 
2255-year-old irrigation project, Dujiangyan in Sichuan province (Zhu, 1991). 
Since the concept of water supply reliability was introduced, China's irrigation 
projects were designed and built with given probabilities of water supply 
reliability. Since the 1950s, China has promulgated a series of regulations for 
water resources planning and water project design. The regulations include the 
probability of water supply reliability of water projects including irrigation, which 
should be guaranteed by design and pertinent techniques. Although the 
regulations have been revised several times and many techniques have been 
updated, the probability of meeting a full water supply is reduced instead of 
increased. 
According to the regulations, each irrigation project should be designed and built 
using a given probability of water supply reliability, which is determined by 
scarcity or abundance of the water as well as the capacity of water resources 
development However, in a recently revised regulation for water basin planning, 
the probability is reduced to Soth to 700JO for dry-land crops, of which the lower 
limit is for water scarce regions and the upper limit is for water abundant regions 
or vegetable irrigation in suburbs. For paddy crops, the lower limit is 75% and the 
upper limit becomes 90% (the Ministry of Water Resources of the PRC, 1997). 
Some irrigation projects even have the probability less than SOOJO in design and 
some in operation. This is much lower than the probability of 95% to 97% for 
industrial water supply (the Ministry of Water Resources of the PRC, 1997). 
The probability is an integrated indicator reflecting the importance of the water 
users and the capacity of water resources development As the largest developing 
CO\Mtry with 22% of world population being fed by only 7% of the world arable 
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land (EIU, 1998), China bas to ensure its food security. It needs not only to 
enlarge the area of irrigated farmlands but also to raise the probability of water 
supply for farmland irrigation. Irrigation water supply should have the probability 
close to or equal to that of industrial water supply. 
To raise the design standard or probability of water supply reliability of irrigation 
projects, the most important is to let those who are authorized to revise the 
regulations legislatively acknowledge the importance of agricultural water supply 
in the nation's food security, socio-economic development and the relationship 
between agricultural and industrial water uses. Only by revising the regulations 
legally can the probability be raised. 
To Bestow Priority on Farmland Irrigation 
Agriculture is the mainstay of China's rural economy (the State Planning 
Commission and the State Scientific and Technological Commission, the PRC, 
1994) and the fundament of China's economy. It bas been widely recognized that 
China bas to produce enough food to meet its needs. To do so, the fundamental 
position of agriculture in the nation's economy could not be altered. China has to 
bestow priority on its farmland irrigation. This should not only be stipulated 
through legislation but also put into practice through the support oflegislation, 
administration, science and technology. 
According to China's Water Law (the State People's Congress of the PRC, 1988), 
in developing and utilizmg water resources, water demands of agriculture, 
industry and navigation should be considered overall. It means that irrigation and 
industrial water uses have equal priorities. However, once the available water 
cannot simultaneously satisfy both agricultural and industrial uses, agricultural 
water supply may be reduced and even stopped. This is mainly due to increasing 
demands of industrial products and high output of industry compared to that of 
agriculture. At the initiatory stage of a country's industrialization, this may be 
unavoidable. But with the rapid development of industry which is capable of 
supplying sufficient products to meet the basic needs, and food production 
becomes pressing, the priority of water supply should be fairly balanced and 
might need to be transferred to irrigation. 
To Stipulate an Upper Limit to the Water Available Per Caoita 
Water resources are limited. Total demand in a given area should not exceed a 
probable maximum. The maximum consists of local water resources obtained 
through appropriate water projects regulating the inflow or passing through flow 
and diverting water from other basins, i.e., interbasin water diversion. This should 
be specified as a target upper limit to the water available per capita in given areas. 
The upper limit should be determined on either natural or administrative space-
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scales, such as watersheds and provinces. For practical purposes, on watershed 
scales, the limit should be specified at least on the fllSt and second tributaries of 
large rivers and major river sections. On administrative scales, the limit should be 
specified at least on county-level administrative districts. The currently used 
divisions in the Water Resources Assessment of China (Hydrological Bureau of 
the Ministry of Water Resources, 1987) and those in the Water Resources 
Utilization of China (Water Resources Bureau of the Ministry of Water Resources, 
1989) may be adopted as the basic districts for the limit stipulation on watershed 
scales. The current administrative districts should be adopted as the basic districts 
for the limit stipulation on administrative scales. 
CASESTIJDY 
As a case study on the solutions to the UIbanization impact on agricultural water 
resources, this section presents a brief description to the problems in Central 
Shaanxi, the core part of Shaanxi province of China. 
Background 
Central Shaanxi is located in the center of Shaanxi province and comprised of five 
prefectures. This region is not only the geographical but also political, economic 
and cultural centers of the province. Figure 5 shows the locations of this region in 
Shaanxi Province and geographical relationship of the province to the Yellow 
River. 
The total area of Central Shaanxi is 55,384lcm1, which is 26.9010 of the provincial 
territory. The population in this region was 20.48 million in 1995, which was 
59.7% of the provincial population. The gross industrial and agricultural products 
were 74.5% and 67.1% of the provincial totals, respectively (Sbaanxi Statistical 
Bureau, 1996). Also, 51.8% of arable lands and 86.6% of irrigation lands of the 
province are distributed in this region. However, the total amount oflocal water 
resources is only 8.96 Om) (long-term annual average). It is 62 m) less than the 
"absolute scarcity threshold" of 500 m) per capita (OIEAU, 1998). In some areas 
the local water resources available per capita is even below the "extreme scarcity 
threshold" of 100m) (OIEAU, 1998). With population growth, the water available 
per capita will gradually decrease. According to an acceptable estimate, the local 
water available for each resident in the region will decrease to 335 m) by 2020 
and 248 m) by 2050 (Feng, (999). It is obvious that there is tremendous contrast 
between the highly concentrated population, industry and agriculture, and the 
poor water resources in the region. 
Water scarcity has become th~ "bottle neck" of the region's socio-economic 
development. Particularly. the scarcity in urban areas has resu1ted in severe 
economic losses. geo-environmental disasters, and some social problems. Having 
199 
200 Irrigation and Drainage in the New Millennium 
faced the water-short-induced problems, the provincial government and its water 
Fig. 5. Map ofShaanxi Province with locations of the main regions and places 
and distribution of major rivers and their relationship to the Yellow River 
authorities as well as local governments have focused more attention on the 
solutions of the problems. F.or instance, in order to supply water for basic demand 
in urban areas, several water supply projects have been and are being built for the 
provincial capital and other cities. These are major water supply projects sharing 
water with agriculture for urban uses in this region. This significantly reduces 
agricultural water supply and severely impacts crop yields in spite of severe over-
withdrawal of groundwater in irrigation districts. 
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The Solutions 
To reduce the impact of urbanization on agricultural water resources for central 
Shaanxi, the basic solutions are similar to those mentioned earlier but noted here 
with more details. The following are some quantitative proposals to the problems 
for the region. 
Based on the point of view of safe food supply and healthy environment, as well 
as overall sustainable development of the region, the author recognizes that in 
central Shaanxi, the target upper limit to per capita available water resources 
should be SOO m3• It is, on one hand, basic requirement for improvement of living 
quality, sufficient supply of food products, continuing development of well-
organized industries, and effective protection and amelioration of natural and 
artificial environments. On the other hand, it is based on the water resources for 
the region's uses. They consist of available local water resources, probable 
inflows and the allocated water of the Yellow River by the Ministry of Water 
Resources. The new projects include the provincial South-North Water Diversion 
Project (diverting water from the Han River and the Jialing River in the south to 
the center ofShaanxi province), Guxian Reservoir on the main stream of the 
Yellow River and local water projects (Zhao and Wang, 1999). 
The annual quotas of the water allocated to residential, !fcultural, industrial and 
environmental uses are 51m3, 163 m3, 106m3 and 180 m per capita in 2020, 
respectively, in. which the quota for environmental uses includes inexploitable 
local water resources. 
The water allocated for agricultural use is based on a reasonable improvement of 
efficient utilization rate of irrigation water, reliable crop yields per hectare and 
sufficient vegetable and fiuit production. The crop yield could provide 400 kg of 
crop grain per capita annually which is about 100 kg higher than the current crop 
grain per capita. 
In addition, the priority of agricultural water uses would be particularly important 
for the region's sustainable development 
CONCLUSIONS 
The impact of urbanization on agricultural water resources has become a notable 
cross boundary issue facing farmland irrigation and a key factor restricting 
sustainable agriculture. It is mainly caused by urbanization-induced occupation 
and pollution to agricultural water resources. 
In reality, the solutioDS to the impact are associated with the overall integrated 
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water resOurces systems and their management and should be comprehensive. 
However, the solutions should emphasize specific aspects. 
In view of the status of urbanization and its impact on agricultural water resources 
in China, efficient solutions directly concerning with the impact should be to raise 
design standards of irrigation projects, to bestow priority on farmland irrigation, 
and to stipulate an upper limit to the water available per capita. They may be also 
appropriate for most developing countries and other countries with similar 
problems. 
Agricultural water resources itself is a complicated problem. In addition to the 
impact of urbanization. there are many other factors affecting the security of 
agricultural water supply. They should be solved together with the impacts of 
urbanization. 
This paper mainly focuses on the impact of urbanization on agricultural water 
resources and its solutions in China. These are very notable cross-boundary issues 
that need to be jointly addressed comPrehensively in overall water resources 
development and management. However, the issues are also worldwide and 
should be dealt with through international cooperation on sharing of potential 
solutions. 
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MODEL AND FIELD SnJDIES TO MANAGE SALINE SHALWW WATER 
TABLES IN TIm LOWER ARKANSAS VALLEY, COLORADO 
1. Philip Burkhalterl , Timothy K. Gatei, 
and 10hn W. Labadie3 
ABSTRACT 
Salinity and waterlogging problems plague the lower Arkansas River Valley in 
Colorado. Evaluating ec:onomi<: and environmental outcomes of best management 
practices (BMP's) to alleviate these problems is difficult because the system is 
hydrologically and 1egal1y complex; therefore, the problems previously have not 
been ~ on a large scale. The goal of this project is to address this growing 
need and c:onduct an investigation that will fulfill, on a sub-rcgional scale, two 
main purposes: (I) describe the high water table and salinity problems within the 
basin through intensive data collection and analysis, and (2) prescribe solutions to 
the problems through detailed modeling of alternatives. This report presents 
prelimiDary results from a model of steady-state flow and salt transport in the 
shallow unconfined alluvial aquifer. The extensive field data collection effort, 
along with initial findings and analysis, are also discussed and presented. 
PRELIMINARY MODELING 
Recent changes within the Lowei' Arlcansas River Valley system, such as the 
construction of PUeblo reservoir ADd subsequent modification of basin-wide 
system operations (winter water storage program), as weD as deaeased 
groundwater pumpiDg have intensified long-term problems of high water table 
elevations and high salinity levels (Watts and Lindner-Lunsford 1992). Problems 
have increased to the point where some land has been taken out of production and 
significant crop yield losses are occ:urring (Valliant 1997). Within the Lower 
Adamsas Rivel'Valley, extending· from Pueblo Reservoir to the ColoradolKansas 
state line, water tables rose from 0.3 to 1.3 meters between the years 1969 and 
1994 (Cain 1997). Additionally, aax»rding to the U.S. Envirlmmental Protection 
Agency, portions of the valley have been classified with the highest salinJty 
hazard rating. 
To bettec define these problems and develop appropriate so.utioos, a 
represeutative study subregion ofthC valley within Otero County, Colorado, was 
selected that extends for around 40 kilometers from Manzanola to 1he Otero-Bent 
I ~AIsisIat, Dept. ofCMl ~ Colorado Stale Univ .. Fort ColliDs, CO 80523 
2 AIIDc. Pro...", Dept. of Civil EapaeeaiD& Colorado SlIde UDiv., Fort CoIliDs. CO 80523 
) Profeaor, Dept. ofCMI ~ Colorado S1IIr: l.hdv .. Fort CoIliDS, CO 80523 
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County line (refer to Figure 1). The study subregion covers around 20.000 
hectares (50.000 acres). 
T i' i ,. ."MlLD 
o as 10 11 r.UM1BIS 
Fig. 1. Study Subregion (sbaded) near La Junta, Colorado. 
The study subregion is thought to be large enough to capture the variations of soil 
types. hydrogeology. irrigation and drainage infrastructure. and crops that are 
characteristic of the Valley upstream of John Martin dam, but small enough so 
that data collection is feasible. 
Software Description 
The Department of Defense Groundwater Modeling System (GMS) (Brigham 
Young University 1991) was used to create a flow and salt transport model of tile 
study reach. Designed to serve as a comprehensive groundwater modeling 
environment, OMS acts as a graphical "GIS-style" interface for several different 
models. The OMS interface is divided iJtfo modules that allow the user to enter 
and ana1yze the various data types for thc:particular models being utilized. The 
two models within the OMS package emplQ)'ed in this investigatioo include: 
MODFLOW (McDonald and Harbough 1~). a modular thRo-dimeosiooal 
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fmite-differeooe groundwater flow model, and MT3D (Zheng and Wang 1998), a 
modular three-dimensional contaminant transport model that uses MODFLOW 
results in its ana1ysis. These two models are described in greater detail below. 
MODFLQW: In the initial phase of this study, MODFLOW was applied to a 
condition of steady flow in the study subregion. There are two main reasons for 
opting to initially create a steady-state model. First, there were inadequate 
existing data to create a meaniogfulloog-term transient model at the desired scale 
for this initial phase. Hence, an intensive data coDection component of this study 
was initiated in the summer of 1999. This data coUection effort is described 
subsequently and win, ultimately, provide the basis upon which a transient flow 
analysis can be cooducted. The second reason is that the steady-state model is 
adequate to indicate the major effects of cbanges to the groundwater system. The 
prelim.iruuy modeling described in this paper investigates seven scenarios 
(including the "baseline conditions" sceoario), the results ofwbicb are discussed 
later. The developed steady-statc groundwater flow model simulates average 
conditions within the 33'" week of the year. This week was chosen because of 
data availability and because it is during a period when the water table is typically 
elevated. 
The following MODFLOWoptions were used: The Block Centered Flow 3 
(BCF3) option was used to defme the basic hydraulic properties of the system. 
This option allows for rewetting of cells and provides alternative methods for 
calculating aquifer transmissivity between blocks. The PrecoruJilioned 
Conjugate-Gradienl 2 solver was selected for use because it is weD suited for cell 
rewettiog calcu1ations. The foUowiog sinklsoun:e packages were utilized: 
• Recharge - used to model the areal aquifer recharge, which, in this 
case, results fiom. downward flow of excess irrigation. 
• Evapotranspiration - used to model losses due to groundwater upflux 
in response to evapotranspiration. 
• River - used to model groundwater flow into and out of a partially 
penetrating river. 
• General Head - used to model irrigation canals and ditdles and 
associated seepage. 
• Well - used to model the extraction of groundwater due to pumping. 
• Streom - used to model groundwater flow into and out of the river 
tributaries. 
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The Drain, Horizontal Flow Barrier, and the Time Varied Specified Head 
packages were not used; however, the Drain package will be used in the future to 
investigate solutions to watel'logging problems involving subsurface drains. 
MTID: The MTID model uses the groundwater flow output from the 
MODFLOW model along with four calculation packages to estimate contaminant 
transport. The packages used in the preliminary modeling were the Advection and 
the Source/Sinlc MIXing packages. The Dispersion and the Chemical Reaction 
packages were not used due to a lack of available data. Future incorporation of 
these packages is planned. MTID was used to model the salinity transport under 
the same scenarios for which groundwater flow was modeled with MODFLOW. 
OMS Model APJllication 
The key steps involved in the application of the OMS model to the study 
subregion were: 
1. Selection and creation of a background image. For our study, Landsat 
Thematic Mapper (1M) data were purchased from the EROS Data Center and 
an image was created using Idrisi GIS (Clark University 1997) software image 
processing functions. 
2. Description of the system by creation of a conceptual model. The following 
coverages were entered to create the basic conceptual model of our study 
reach: 
• Surface Water System 
• Field Boundaries 
• Pumping Wells 
3. Creation of the finile-difference grid. The finite-differen<:e grid defines the 
cells in which MODFLOW and MTID perform numerical calculations and, 
thereby, derive their outputs (Wang and Anderson 1982). The average field 
size within the study area was calculated to be 6.3 ha (15.5 acres); therefore, a 
square grid cell with a side dimension of250 meters was used. 
4. Input of additional data seLf into GMS. To complete the conceptual model of 
the system, additional data sets not defined in the Map Module of OMS must 
be input into the model. The followUlg data sets were input into OMS using 
the Scatter Point Module: 
• Ground Elevation 
• Hydraulic Conductivity 
• Water Table Elevation 
• Bottom Elevation 
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5. &timation of recharge and evapotranspiration (El). To arrive at estimates of 
recharge and ET. data were analyzed using an inigatioo and fertilizer 
scheduling program CropFlex98 (Broner 1998). The following steps were 
taken in this analysis: 
• Analysis of crop types - Utilizing data acquired ftom the FSA. the 
average percentages of each crop type grown within the study area 
were calculated (based on data from 1992 through 1997). 
• Assigning crop types to modeled fields - Based on the calculated 
average percentages, crop types were randomly assigned to each 
modeled field 
• &timation of crop water requirements. crop ET. and deep percolation 
using CropFlex98 - Using meteorological data obtained from the 
CoAgMet On-line data center (Colorado Climate Center 1999) and 
crop coefficient data provided by Dr. Israel Broner (Colorado State 
University. 1999. personal communication), the soil moisture balance 
component of CropFlex98 was used to estimate irrigation requirements 
for each crop type for years 1993 through 1998. Also. crop ET and 
deep percolation due to precipitation were calculated by CropFlex98 
and input into each field polygon based on the assigned crop type 
(Broner and Lorenz 1998). 
• Calculation of recharge values - Recharge values for each field were 
calculated using estimates ofET and leaching fraction estimates 
generated based on a truncated normal distribution developed from 
field data collected for a similar region (i.e. similar irrigation practices) 
in the South Platte River valley. 
6. Incorporation of salinity data into the conceptual model. "I1IMe data sets were 
collected 8nd used to estimate the salinity distribution within the modeled 
groundwater system. The data sets collected and incorporated into the model 
include the following: 
• Surface Wata" Electrical Conductivity (EC) 
• Groundwata" EC 
• Soil BUIk.E.C 
Preliminary Modeling Results 
The OMS interface was used to translate all of the conceptual model data sets into 
MODFLOW and MT3D input file format. After a series of debugging 
procedures, the models were used to investigate the following scenarios: 
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• Scenario 1: Baseline Conditions - This scenario utilizes the data 
described above to simulate average conditions for the 33n1 week of the 
year. The output from this scenario was used to evaluate the effects of 
changes to the system as described in the six other modeled scenarios. 
• Scenario 2: Increasing of Pumping Rates by 20% - This scenario 
investigated the impacts of increasing the average pumping rate of aU 
pumps within the study area by 2ooA» and routing aU of the additional 
pumped flow into nearby drains that flow to the river. 
• Scenario 3: Increasing of Pumping RateS by 300A - This scenario 
investigated the impacts of increasing the average pumping rate of all 
pumps within the study area by 3ooA» and routing the additional 
pwnped flow into nearby drains that flow to the river. . 
• Scenario 4: Reduction of Recharge Rates by 200A - This scenario 
investigated the impacts of reducing the average recharge rates from 
overirrigation over the entire study area by 20%. 
• Scenario 5: Reduction of Recharge Rates by 30% - This scenario 
investigated the impacts of reducing the average recharge rates over 
the entire study area by 30%. 
• Scenario 6: Increasing of Pumping Rates by 20% and Reduction 0/ 
Recharge Rates by 200A, - This scenario investigated the impacts of 
increasing the average pumping rates by 20% and reducing the average 
recharge rates by 20%. 
• Scenario 7: Increasing o/Pumping Rates by 300A and Reduction 0/ 
Recharge Rates by 30% - This scenario investigated the impacts of 
increasing the average pumping rates by 30% and reducing the average 
recharge rates by 30%. 
The purpose of the preliminary modeling described in this document is to aid in 
directing the future course of data collectioQ and modeling efforts and to provide a 
preliminaly general indication of the sensitivity of the groundwater system to 
changes as described in the scenario descriptions. The results derived from these 
scenarios are presented below. 
Table 1 summarizes the important information that was extracted from the 
preliminary modeling output. This table shows the statistics over aU of the 
modeled fields for each scenario. Ofkey importance to this study is the reduction 
in water table elevation. 
Saline Shallow Water Tables 
Table 1. Preliminary Model Output Swnmary. 
See_lo Mtaitrtimt Average Redw:liOrJ Standard Pnulfl RetbIctUm ill 
No. ReJvctimr ill Water bt Water Table Deviation Salinity from 
TableEln. Elevation (meters) Grmmdtrater UpJlux 
(meten~ (meten~ 
1 baseline scenario 
2 0.482 0.012 0.032 0.6 
3 0.749 0.017 0.045 0.9 
4 0.410 0.045 0.063 1.9 
5 0.632 0.068 0.093 2.9 
6 0.954 0.058 0.081 2.6 
7 1.562 0.086 0.125 3.8 
From the MODFLOW modeling results. the following important conclusions 
were drawn about reducing the water table level: 
• The effects of increased pumping are localized The spatial 
distribution of the resultant decreases in water table elevation 
estimated in Scenarios 2 and 3 revealed that changes were localized 
around the pumping wells. 
• Changing irrigation practices to reduce aquifer recharge can have 
widespread effects. The spatial distribution of the resultant decreases 
in water table elevation estimated in Scenarios 4 and S revealed that 
changes were widespread over the study region. However. the average 
net decrease was small for the scenarios considered. 
• PIaM incorporating multiple solution alternatives will have significant 
cumulative effects. It is important to observe. as can be seen in Figure 
2 (which reflects Scenario 7). the relatively large effect that combining 
increased pumping and reducing recharge had in some regions. 
Also of great importance to this study is the reduction ofhigb salinity levels. The 
steady-state model yielded only limited information. Oru:e a transient model bas 
been established, the long-term effects of alternatives on salinity levels will 
become more evident. One interesting output parameter could, however, be 
extracted from this preliminary salinity model. The reduction of accumulated 
salinity deposited in the root zone. due to groundwater upflux, can be estimatM 
from the MI'3D output; although, this parameter is a bit misleading because it 
does not also reflect the salinity that would be removed from the root zone by the 
increased leaching that might accompany the lowering of the water table (only a 
transient model will quantifY this effect). This parameter is shown in the far right 
column ofTable 1 and is indicative of the extent to which upOux of salt can be 
reduced by lowering the WIler table. 
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Fig. 2. Scenario 7 - Estimated Warer Table Drawdown. 
The preliminary modeling effort made another fact quite clear: there is a need for 
exrensive, well distributed, time-varied data to support consideration of 
comprehensive solution alternatives. These data need to be collected at a 
frequency that will be adequate to capture any significant changes over the course 
of a year. Also, they must be of adequate spatial density to effectively describe 
the groundwater system. In response to these needs, a major data collection effort 
was initiated in the summer of 1999. This effort is described in the remainder of 
this paper. 
COLLECTION AND ANALYSIS OF FIELD DATA 
TIle objectives of the data collection effort are to accurately describe the high 
warer table and salinity problems within the study area, and to support the 
implementation of a fully transient model to help prescribe solutions to these 
problems. A description is provided of on-going data collection activities and 
preliminary fmdings from the data that have been collected thus far. 
Based on the knowledge gained from the preliminary modeling investigation 
described earlier, the major data needs were identified. Each data type is 
described below, and, ifavailable, results are presented and discussed. 
-----I 
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Wakr Table Dmth and Salinity 
Observation wells w~ installed in the spring (and early swnmer) of 1999 and 
used to collect water table depth and groundwater salinity data. The wells were 
installed using truck-mounted Giddings'DI driDing rigs obtained from the USDA-
NRCS Area Office in La Junta. The well casings consist of 6.3S-cm (2Y2-inch) 
diameter perforated PVC pipe and extend to a depth of 3 meters below the ground 
surface. 
Observation well locations were selected using a stratified random sampling 
technique. The study subregion was divided into five segments running west to 
cast along the va1Iey, each segment containing approximately the same nwnber of 
fields. Each field within a segment was assigned a unique nwnber, and ten fields 
were selected per region using a unifonn random nwnber generator, for a total of 
50 selected fields. Additionally, 25 fields were selected to describe conditions 
near boundaries of the study area. In some cases (approximately 20%), 
observation weD locations were shifted to nearby fields because of problems with 
field access or Iandowner preference. In a two or three cases, new fields were 
selected because the landowner did not want to participate in the study. Also, 
three existing observation wells and three abandoned pwnping well casings are 
included within the tota1 of75 sites. Fields containing multiple well sites [five of 
these fields exist (each contains from seven to eleven wells) and are being used in 
other field-scale studies] were only counted once in this tota1. 
The tota1 of 75 observation sites provides a data density of approximately one weD 
per 530 hectares ofland area within the study region. The minimum distance 
between any two sites is approximately one kilometer, with the average distance 
being approximately two kilometers. A nwnbcr of new wells will be installed 
. before the 2000 season to increase data density and to extend the study region 
eastward into Bent County. 
Measurements ofwater table depth and groundwater salinity began in early April, 
1999, and have been ongoing since that time. Readings were taken biwee1dy until 
the end of May, 1999, when the frequency was increased to weekly. This weekly 
ticquency was maintained through the peak of the irrigation period, reverted back 
to biwee1dy at the end of August, 1999, and continued through the middle of 
October,I999. During the winter, data were collected at each site three to four 
times. Following the first complete year of data collection, the measurement 
ftequency will be evaluated and adjustments will be made accordingly. 
Water table depths w~ measured manually using a metal measuring tape and a 
float. Gioundwata- salinity was measured iDdirectIy using electrical conductivity 
meters. Orion'DI (Model 128 and Model 130) and Corning'DI (Model 19450) EC 
meters were used to measure EC and were periodically cahDrated using standard 
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solutions. These meters utilize intcmally-programmed temperature adjustment 
algorithms (the reference temperature is 250 C) which arc automatically reflected 
in the displayed EC readings. Three measurements of EC were made at each 
location for each reading - one sbaIIow measurement just below the water table, 
one iotenoediate measurement, and one deep measurement near the bottom of the 
observatioo well These measurements were averaged to come up with a 
representative EC value for the well. EC values were then converted into salinity 
using relationships developed by Cain (1986). 
Prelimioaa Results: Only illustrative results and a summary from the water table 
depth and grouodwater salinity data collection effort arc provided within this 
report. Collected data indicate distinct rises in the water table over the course of 
the season in certain areas. Notably, the area in the southwestern part of the study 
region (i.e. near Patterson Hollow) shows a shallower water table depth as the 
season progresses. Other areas that show this trend include the south central 
(south of the town of Swink) and the cast central (northeast of La Junta along 
Highway 194) parts of the study region. In much of the region, however, there 
was no evidence of substantial change in the water table depth. Plots of water 
table depth versus time for a set ofrepreseotative weDs arc shown in Figure 3. A 
summary of the water table depth data statistical parameters for each measurement 
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Fig. 3. Representative Water Table Depths - 1999. 
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These data also were used. in conjunction with coUected ground surface elevation 
data (using GPS survey equipment - discussed later), to generate water table 
elevation contour maps. Data for these maps were created by subtracting the 
interpolated water-table depth ftom the ground surface elevation (which 
incorporated the coUected GPS data along with acquired USGS data). The early 
season contour map was subtracted ftom the late season map to create a data layer 
that represents the change in water table elevation between these two readings 
(Figure 4). From this figure, the areas where the water table rose are easily 
identifiable. Besides tbe areas discussed earlier, this figure shows an area directly 
east of Rocky Ford (north central part of study region) where the water table rose 
as much as 1.50 to 2.00 meters. 
Data output similar to that for water table depth is given for the measured 
groundwatec salinity. From these measured data. it is evident that the 
groundwater salinity decreased in some areas over the course of the irrigation 
season. This is likely due to the ,dilution effects as recharge filled the aquifer. 
Areas where a decrease can be seen include the northwest area (near the town of 
Manzanola) and the central area (east of Rocky Ford) oftbe study region. 
Interestingly, however, there were two areas (east central- near La Junta, and 
northeast - near the town of Cheraw) which show a noticeable increase in salinity. 
This is surprising and there is currently no recognized reason for these anomalous 
areas. The increased salinity might be due to dissolution of salts ftom the aUuvial 
soil layers. Plots of salinity over the season for the set of representative weDs are 
shown in Figure 5. 
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Fig. 4. Change in Water Table Depth - Early Season to Late Season (1999). 
A summary of the groundwater salinity data statistical parameters for each 
measurement date is shown in Table 3. 
Soil Salinity 
Soil salinity was estimated by measuring the soil bulk EC at a number of locations 
within several field using a Geonics™ EM38 electromagnetic ground conductivity 
meter. For the purposes of creating the preliminary models, data that were 
collected on 30 fields in the summer of 1998 were adequate; however, to meet the 
needs of the transient model, it was necessaJy to expand the data collection effort 
to include 68 total fields (10 of which are in Bent County). Two sets of readings 
were taken at each fteld location, one representing early season conditions (data 
collected between May 31 - June 19, 1999) and one representing late season 
conditions (data collected between August 11 - 18, 1999). Fields selected 
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Fig. 5. Representative Growtdwater Salinity - Summer 1999. 
Within each field, horizontal and vertical EM38 IJle8S1J1'eII1ets were taIcen at 50 -
80 locations (Yielding a data density of around one point per 0.125 ha). The 
spatial distribution of these measurements was generally a grid pattern covering 
the entire field or, in cases where the field was large (> 20 ha), covering a portion 
of 
Table 3. Groundwater~ Data (1999) - Statistical Parameters. 
Date No. of MIQIf Conjid. Omjid. MinbmDn AIIDcimum 
of Rmdi,. &lbrlly bPnaJ ItfleTWli &lintty &linlly 
/leQdlng (",dL) (-95") (+95") ("'gIL) (mWY 
Apr 24 33 3,199 2.517 5,210 1,152 22,543 
May II 43 4,264 3,099 5,430 92 22,331 
May 26 48 3,940 2,948 4,931 442 20,879 
JUDe I 23 4,410 2,762 6,058 294 20,077 
JUDe 9 45 3,509 2,615 4,404 106 17,844 
JUDe 17 47 3,041 2,405 3,676 361 10,558 
JUDe 13 47 3,624 2,775 4,473 283 15,713 
JUDe 29 54 3,452 2,635 4,270 241 14,452 
July 6 45 3,736 2,762 4,710 636 15,222' 
July 14 53 3,252 2,475 4,029 22 12,303 
July 21 52 3,406 2,454 4,357 294 18,473 
July 28 49 3,406 2.5S6 4,256 416 15,077 
Aug 3 48 3,534 2,460 4,608 29 20,434 
Aug 10 48 3,355 2,S48 4,161 636 16,480 
Aug 17 51 3,678 2,837 4,518 622 14,264 
Sept" 48 3,378 2.559 4,196 590 15,611 
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the field containing (or adjacent to) the observation well. The IIlC8S1UCd values 
were converted to Ee.. for aoaIysis and presentation within this report using the 
relationships mentioned previously; however. an analysis will be conducted to 
develop new relationships between EM38 readings and actual Ec.. values. To 
accomplish this goal, a calibration site was selected in most fields where soil 
samples were collected. Samples were taken from the soil profile down to a depth 
of just over one meter at three points beneath the EM38 instrument - one at each 
end of the instrument and one in the middle of the instrument's longitudinal axis. 
The soil profile at each of these points was divided into five samples, yielding a 
tota1 of 15 samples per calibration site. The in situ temperature for each sample 
was recorded. and each sample was analyzed for moisture content AdditiooaUy. 
each sample will be anaIyzed in the laboratory to find Ee.. and soil texture 
properties. The effects of each of these parameters in relation to the EM38 
measurements will be investigated (Geonics Limited 1998). 
Preliminary Results: Figure 6 shows the estimated Ee.. values for the early season 
measurements (similar plots exist for the late season data). The dashed line (at an 
ECe of2.0 dS/m) indicates the approximate value above which typical crops 
(namely com and alfalfa) will experience yield losses. In the early season reading, 
55 fields bad all or some portion of the measured sites that were above this 
threshold. The overall average for the study area was 2.74 dS/m for the early 
season. For the late season reading, 64 fields had all or some portion of 
measurements above the salinity threshold, and the overall average increased to 
2.84 dSIm. This slight rise in average Ee.. is likely tied to the prolooged high 
water table that was observed over the course of the irrigation season. High water 
table levels reduce the ability to leach salts out of the root zone and cause return 
flow of salts through upflux. 
Water Table Depth and Soil Solinity: The relationship between water table depth 
and soil Ee.. level for the early and late season readings was investigated. The 
water table depth values represent the average value at the particular location for 
the four weeks preceding the date on which the bulk soil EC was measured. The 
ECo level represents the estimated average value for the particular location based 
on the bulk EC measurements obtained with the EM38 instrument 
For each data set, an equation was derived to approximate the relationship 
between the variables. In both cases, a power function gave the best 
approximation. For the early season data, the following equation was developed: 
EC. = 3.05D.a71 (1) 
J 
Saline Shallow Water Tables 
! 1~~j~:t1!Iif:ll~~~~3i~~.Hji~~~~*1 
t I •• , M. " U ft M U •• ~ ~ a ~ __ ~ • 
FWd 
FIlMa ZI-IIIA 
11~iUlii~§~~fJll~iMit~I~$it~~limH~1 ~ •• ~ •• __ ~ ••• ~Ga •••• ~ •• ~_ 
FWd 
! 1~i18mU~~~~1~1~Fm~t~~~~¥~iMil 
M • • • ~ • • ~ n ~ n ~ M • • M • • ~ • • • 
FWd 
Fig. 6. Early Season ECe - 1999. 
:::r:: ... .. 
0"" -_ 
:::r:: ... .. 
0"" -_ 
:::r:: ... .. 
o-
M 0_ 
where D represents the average water table depth as descnDed above. The 
relationship described by this curve represents an'; value of 0.36, indicating that 
significant correlation exists. For the late season data, the equation developed is 
slightly different: 
EC. = 3.64D-4" 
The'; value for the late season data relationship is 0.34, indicating a slightly 
lower, but still significant, correlation. 
Water Surface and Land Elevation 
(2) 
Two separate Global Positioning System (GPS) receiver combinations were used 
to measure horizontal and vertical positions of several points of interest. Two 
Trimble 4600LS receivers were used in c:onjuoction with a Trimble TSCI Survey 
Controller, and two Ashtech Locus receivers were used with an HP-4SGX serving 
as the Handheld Data Controller. Both systems utilize differential correction 
methods to arrive at point positions with an accuracy of ±l an (Trimble 
Navigation, Ltd. 1996 and Magellan Corp. 1998). 
GPS data has already been collected to calculate positions for aU observation 
wells, surface water levels at seven) locations, and numerous land elevation 
points. Ultimately, it is planned that the GPS surveying techniques will be applied 
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to completely define the geometry of the physical system. The intent is to 
minimize modeling error due to iII-defioed topology. 
Surface Water Salinity 
The EC of the surface water is currendy being monitored at 164 sites within the 
study region. The measurements are being made at a frequency that corresponds 
to the data collection at the monitoring wells. As described previously, EC is 
measwed using the Orion and Coming EC meters and the values are converted to 
salinity concentration using relationships developed by the USGS (Cain 1987, 
Ortiz et aI. 1998). New relationships between EC and salinity are being 
deve10ped as water sample data are collected and analyzed. 
Additional Data Collection Activities 
The following areas of data collection will be pursued in the future to enhance the 
modeling database: 
• Slug Tests - Slug tests have been performed at 67 observation well 
sites to determine the average hydraulic conductivity of the 
surrounding soils. Analysis of these data is ongoing. The estimated 
values of hydraulic conductivity will be related to soil texture 
(obtained from analysis of the soil samples taken at observation well 
locations) and used to make estimations in areas where no direct 
measurements are possible. Discussion of the slug test technique and 
analysis method can be found in Chin (2000). 
• Crop Yield Estimates - Estimates of crop yield will be made with the 
help of participating farmers. These estimates will help in determining 
the actual effect of soil salinity on the crops. 
• River and Tributary Geometry - Cross-sections of the river channel 
and tributaries within the study area will be measured at several points 
at a spatial density that will allow for increased modeling accuracy. 
• Drainage System Inventory - Existing records will be compiled and 
field investigations will be performed to locate existing subsurface 
drainage systems and their existing effectiveness. This will ultimately 
lead to incorporation of the Drainage Package into the transient 
MODFLOW mOdel. 
• Water Samples - Water samples are being collected at observation well 
and surface water measurement sites. Additionally, the State 
Engineer's Office is collecting samples at pumping well locations 
Saline Shallow Water Tables 
throughout the Lower Arlcansas Valley. Currently, 24 observation well 
samples and 28 surface water samples have been aoalyzed in a 
laboratoly for salinity (total dissolved solids) content. The results of 
the lab analysis will be used to develop new EC to salinity 
relationships specific to the study region. These relationships will 
refine those developed by Cain and should increase model accuracy. 
Additionally, flow rate and water level data collected by the State Engineer's 
office and the USGS will be used, in conjunction with collected salinity and GPS 
data, to develop salt and water balances which will be applied to the GMS 
modeling. This data will be critical in the 1IanSient model calibration procedure 
and will reveal areas where further or more intense data collection is needed. 
CONCLUSIONS 
Field data confmns extensive and severe saline-higb-water-table problems in the 
Lower Arkansas Valley. Salinity of overlying soils indicates levels that diminish 
crop productivity. However, though the salinity is serious, it seems recoverable 
through implementation of strategies developed by careful modeling. 
The preliminary groundwater flow and salinity modeling of the study region 
indicates that the effects of increased pumping are localized, whereas the potential 
effects of changing irrigation practices to reduce groundwater recharge can be 
widespread. However, solution alternatives incorporating multiple BMP's 
including seepage control and subsurface drainage systems. and alternatives 
investigating the reduction of river levels should be considered in future modeling 
efforts. Additionally, the current steady-state model should be expanded to 
consider time-varied (i.e. transient) changes to the system so that the long-term 
effects of aItematives can be evaluated. 
Critical to the need to develop 1IanSieot models is the continuation of the 
described data collection activities. The current data collection methods including 
equipment used, observation well depth, measurement frequency, etc., need to be 
evaluated following the first full data period (year). Changes in these methods 
should be made if necessuy. Also, improvements to existing calibration 
equations and to parameter estimation techniques should be possible following the 
analysis of all collected water and soil samples, the completion of the slug test 
analysis, and the collection of crop yield data. 
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ARKANSAS RIVER SALINITY AND CONTAMINATION OF THE HIGH 
PLAINS AQUIFER 
Donald O. Whittemore l Ming-Shu Tsou2 
Carl McElwee3 
ABSTRACT 
The Arkansas River in southeast Colorado and southwest Kansas is one of the 
most saline rivers in the United States. The primary sources of the dissolved 
constituents (mainly sodium, calcium. and sulfate) are from soils and bedrock in 
Colorado. The dissolved salt concentration in the river water greatly increases 
across eastern Colorado as evapotranspiration from ditch diversion and storage 
systems consumes water, while the dissolved salts remain in the residual water. 
The dissolved solids content of the river water now averages over 3,000 mgIL at 
the state line. The discharge into Kansas is saline during both high and low flow 
periods, although the salinity decreases with increasing flow. The major 
constituent, sulfate, reaches a maximum concentration of about 2,600 mgIL in low 
flows suggesting limitation by gypsum precipitation. The salinity has generally 
increased at the state line in greater than average river discharges during the last 
few decades. Although part of the increase could represent increased water use, a 
portion could represent a lag in the mass transfer of salinity to Kansas related to 
salt accumulation in soils and shallow ground waters of Colorado. 
Shallow, saline ground water in the alluvium of the Arkansas River and under 
fields irrigated with river water has penetrated to various depths in the High 
Plains aquifer in southwest Kansas. Much of the saline water migration deep into 
the fresbwater aquifer has occurred since the 1970' s When the water level in the 
main aquifer declined below the alluvium and shallow parts of the High Plains 
aquifer. During many years since the mid-1970's essentially all of the salt mass 
has remained in southwest Kansas, i.e., there has often been little or no river flow 
exiting the area. Based on recent conditions and existing contamination, in about 
50 years river water seepage has the potential to contaminate all of the High 
Plains aquifer underlying 500 mi2 (1,300 kro2) of the corridor to a sulfate 
concentration over 1,000 mgIL (four times the level recommended for drinking 
waters). Management and protection of fresh ground waters in the region will be 
critical to maintain water quality for municipal, agricultural, and industrial uses. . 
ISenior Scientist and 2 Postdoctoral Research Fellow, Kansas Geological Survey, 
1930 Constant Ave., Lawrence, Kansas 66047-3726 
3Senior Scientist, Kansas Geological Survey, and Professor of Geology, 
University of Kansas, 1930 Constant Ave., Lawrence, Kansas 66047-3726. 
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INTRODUCflON 
The Arkansas River flows from its headwaters in the Rocky Mountains in 
Colorado across the southeastern part of the state and then flows into southern 
Kansas (Fig. 1). Water has been diverted for irrigation from the Arkansas River 
for over 100 years in Colorado and Kansas. Soon after extensive irrigation 
systems were started in Colorado in the 1870's and 1880's, the river salinity 
increased as water was used and reused. The salinity has continued to increase 
such that the Arkansas River in southeast Colorado and southwest Kansas is one 
of the most saline rivers in the United States. 
Before the development of irrigation systems, the dissolved solids loads in the 
Arkansas River derived from Colorado were carried through southwest Kansas 
and eventually discharged to the ocean. After the development of large diversion 
systems in Colorado and smaller diversions in Kansas, the average annual river 
flow decreased due to consumptive losses from evapotranspiration. This 
interrupted the natural process of draining salt loads out of the river basin to the 
sea. Development of irrigation from ground water in southwest Kansas increased 
appreciably starting in the 1950's. Resulting water-level declines near the river 
caused further losses in river flow from seepage into the underlying High Plains 
aquifer. Most of the saline water that now enters Kansas seeps into and 
contaminates the aquifer. 
WATER QUALITY IN THE ARKANSAS RIVER 
Water quality data presented in this paper are from analyses of the U. S. 
Geological Survey (USGS), Kansas Department of Health and Environment, and 
Kansas Geological Survey. The USGS collected and analyzed samples from the 
Arkansas River at the Coolidge gaging station near the Colorado-Kansas state line 
beginning in 1963 before discontinuing sampling in 1995 (U. S. Geological 
Survey, 1995). The Kansas Department of Health and Environment began 
periodic monitoring at the Coolidge station in 1967, although no samples were 
collected for a year and a half during the early 1980's. The Kansas Geological 
Survey (KGS) supplemented the periodic sampling starting in 1993, including 
collection during selected periods to characterize water quality along the river 
during different flow regimes. The Kansas Department of Agriculture collected 
many of the samples analyzed by the KGS as a part of cooperative studies; other 
state and local agencies have also participated in sample collection. Flow data are 
from the USGS program for stream gaging. 
The primary sources of the dissolved constituents in the Arkansas River are from 
soils and bedrock in the watershed, especially the marine rocks of eastern 
Colorado. The dissolved salt concentration in the river water greatly increases 
across eastern Colorado as evaporation from reservoirs and irrigation ditches, 
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Fig. 1. Natural Drainage and Canals in the Arkansas River System in Southeast Colorado and Southwest Kansas. 
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228 Irrigation and Drainage in the New Millennium 
evapotranspiration from irrigated fields, and transpiration by phreatophytes 
consumes water, while the dissolved salts remain in the residual water. The 
dissolved solids content of the river water often exceeds 4,000 mgIL during low 
flows (Fig. 2) and has averaged greater than 3,000 mgIL over the last couple 
decades at the Colorado-Kansas state line. 
The salinity of Arkansas River water entering Kansas is greater during low flows 
(Fig. 2). At discharges near 100 cfs (2.8 m3/sec) and below, the dissolved solids 
concentration reaches a maximum of about 4,200 to 4,500 mgIL. The salinity 
generally decreases with increasing discharge above 100 cfs (2.8 m3/sec). The 
flows have been regulated by releases from John Martin Reservoir in southeastern 
Colorado since 1948, therefore most high discharges do not exceed 3,000 cfs (85 
m3/sec). High flows over the last couple of decades have contained dissolved 
solids contents of greater than 1,000 mglL, the classification divide between fresh 
and saline water. 
The dissolved solids in the river water include mainly sodium. calcium, and 
sulfate; typical analyses of recent low, moderate, and high flows are in Table 1. If 
the concentration of sulfate, the major dissolved constituent, is plotted versus 
discharge, the distribution of points appears very similar to that in Fig. 2. The 
sulfate concentration reaches a maximum of about 2,600 mgIL when the 
discharge falls to near 100 cfs (2.8 m3/sec) and below. The cause of the 
maximum sulfate and dissolved solids contents during low flows is primarily 
related to gypsum solubility. Gypsum precipitates in soils and sediments when 
consumption of water concentrates the dissolved solids to over the gypsum 
saturation point. Chloride content, which is not limited by mineral solubility until 
orders of magnitude higher concentrations, does not reach a maximum limit as do 
sulfate and dissolved solids but continues to increase with decreasing discharge. 
below 100 cfs (2.8 m3/sec) (Fig. 3). Therefore, chloride concentration is a better 
representative of the degree of concentration of the salt content in the river water 
as a result of consumptive losses. 
At discharges above 100 cfs (2.8 m3/sec), the salinity of the Arkansas River has 
generally increased at the state line during the last few decades (Fig. 4). The data 
in Fig. 4 are for two periods in which flows ranged from less than 100 cfs (2.8 
m3/sec) to about 3000 cfs (85 m3/sec). Conditions during the 1970' s and early 
1980's were drier and flows generally remained under several hundred cfs. Only 
the data for discharges greater than 100 cfs (2.8 m3/sec) are plotted in order to 
examine the conditions of decreasing salinity with increasing flow. The two 
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Fig. 2. Total Dissolved Solids Concentration versus Discharge for the Arkansas River near Coolidge, Kansas, 1963-1999. 
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232 Irrigation and Drainage in the New Millennium 
Table 1. Typical chemical analyses of Arkansas River water near the Colorado-
Kansas state line (at U.S. Geological Survey gaging station near Coolidge) for 
low, moderate, and high flows during the 1990's. All analyses are by the Kansas 
Geological Survey. 
Date Jan. I, 1994 Oct. 16, 1997 May 20, 1999 
Discharge, cfs (m'/sec) 160 (4.5) 380 (lO.8) 2900(82) 
Specific conductance, ~/cm 45lO 3500 2260 
Total dissolved solids, mg/l. 4200 2890 1770 
Ca, mg/L 377 300 197 
Mg, mg/l. 199 149 95.6 
Na, mg/L 562 399 221 
K,mg/L 10.5 8.9 6.5 
HC03,mg/L 351 310 206 
S04, mg/L 2330 1740 1070 
Cl,mg/L 155 108 62.1 
N03-N,mg/L 2.6 1.9 0.8 
The fitted curves in Fig. 4 start at approximately the same sulfate value, between 
2,500 and 2,600 mg/L, at a flow of 100 cfs (2.8 m3/sec). With increasing 
discharge, the two curves diverge to greater differences in sulfate content with 
increasing discharge. At a discharge of 500 cfs (14 m3/sec), the apparent 
difference in sulfate concentration indicated by the curves is about 450 mg/L or _ 
an increase of over 40% of the value for the period 1964-1970. At 1,000 cfs (28 
m3/sec) the apparent sulfate value and percentage increase are approximately 460 
mg/L and 70%, respectively. The effect of removing the highest flow point 
{9,400 cfs (266 m3/sec) within the period 1964-1970} on the apparent differences 
is small {the sulfate concentration difference decreases by only about 20 mg/L 
and the percentage increase falls by only a few percent at 500 and 1,000 cfs (14 
and 28 m3/sec)}. 
There are two possible explanations for the apparent increase in river water 
salinity shown in Fig. 4: 1) increased water use and consumptive loss, and 2) a lag 
in the mass transfer of salts to Kansas. Increased use and consumption of water 
occurred in the river corridor in southeastern Colorado during the periods 
represented in the figure, especially of water pumped from wells in the alluvial 
Valley. The magnitude of the salinity increase suggests that the second 
explanation might be the major cause. Although the discharge of the river and its 
tributaries in Colorado varies, over a long enough period the average annual salt 
load should be relatively similar for different periods. The diversion of water for 
irrigation in Colorado delays the movement of salt loads to Kansas by 
accumulating salts in soils and shallow ground waters. These delays began with 
the first surface irrigation system and continued with further development of 
diversion systems. The salt mass would be expected to build up until flushing by 
rain, higher diversion flows, and ground-water discharge carrying seepage from 
Arkansas River Salinity 
below irrigated fields and return flow canals finally re-establish the loads exiting 
Colomdo to near their original average mte. 
The variations in the salt loads of the Arkansas River entering Kansas are large. 
During dry periods, carbonate and sulfate salts can precipitate from irrigation 
water in soils. The salinities limited by mineml precipitation coupled with the 
low flows result in much smaller total salt loads entering Kansas than during large 
flushing events caused by particularly high minfall and snowmelt. However, the 
lower flows with greater salinities that enter Kansas are as much of a 
contamination problem to aqUifer water quality as high flows even though the mte 
of salt load is smaller. 
WATER LOSSES IN THE RIVER CORRIDOR 
Discharge records at stations along the Arkansas River in southwest Kansas 
indicate that the river has generally lost substantial flow from the state line to 
Garden City since the beginning of continuous flow measurements. In 
comparison, appreciable flow losses from Garden City to Dodge City began in the 
mid-1980's. 
Continuous records of discharge measurements of the Arkansas River started in 
1920 at Syracuse, 20.3 river miles (32.7 Ian) downstream of the Colorado-Kansas 
state line. Continuous flow records for the station near Coolidge, nearly 2 miles 
(3.2 Ian) downstream from the state line, began in 1950, and at Dodge City, 131 
river miles (211 Ian) to the east. in 1944. The mean annual flows at Coolidge and 
Symcuse for 1951-1997 are within 1 % of one another, thus, the record for 
Syracuse is an excellent substitute for budget calculations based on total annual 
flows. Gaging at Garden City started in 1922 but includes a period of only a 
flood hydrograpb record from 1970 to 1986 without flow data. For seveml years 
during the middle of the 1970-1986 period, the river had very little or essentially 
no flow at Garden City. We estimated flows during this period based on the 
discharge records of the upstream and downstream gaging stations and the ditch 
diversion data. Errors in these estimates do not affect the total discharge 
differences in southwest Kansas because the Coolidge, Syracuse, and Dodge City 
stations were all recording during the period. 
Annual flows of the Arkansas River entering Kansas have been marked by a few 
years of particularly large discharge interspersed with periods of intermediate and 
low flows (Fig. S). The largest discharge occurred in 1941 before regulation by 
the John Martin Reservoir began in 1948. The largest annual flows since then 
were in 1965, 1987, and 1998. Annual discharges at Dodge City parallel those 
entering Kansas but have been decreasing relative to the state input, especially 
since about 1980. Many years from the late 1970's to the early 1990's the river 
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amount entering Kansas. Flow losses during the two highest recent discharge 
years (1987 and 1998) have been approximately 50% of the river volume crossing 
the state line. The total flow loss for the period 1975-1998 is 83% of the state-
line discharge. 
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Annual flow differences between the state line and Garden City have fluctuated 
substantially but have all been negative except for one year, 1951, during which 
unusually heavy rains fell during May and June in southwest Kansas (Fig. 6). 
Most of the discharge difference has been due to diversions for irrigation in 
Kearny and Finney counties. The mean annual diversion for the main canals in 
the two counties for 1930-1995 is 70,700 acre-ft (8.7 x 107 m3). For a few of the 
recent years, the flow loss between the state line and Garden City has been as high 
as about twice the total diversion for the particular year. 
The river water lost from the state line to Garden City comprises a combination of 
evapotranspiration consumption and infIltration to the High Plains aquifer. Most 
of the water diverted for irrigation is consumed by evapotranspiration. Water-
level and ground-water quality data indicate that substantial amounts of diverted 
water infiltrate to the aquifer. The combined soil moisture from rainfall and flood 
irrigation with diverted river water increases the degree and length of time for 
conditions during which recharge can occur. A small amount of return flow from 
the irrigated areas entered the river. In addition, some recharge from irrigated 
areas over the alluvial aquifer could have returned to the river. However, both of 
these mechanisms of surface return flow are accounted for in the flow loss 
differences because they would have primarily occurred upstream of Garden City. 
Substantial amounts of water were also lost from transpiration by phreatophytes, 
particularly tamarisk: (salt cedar) and cottonwood trees, along the river and by 
evaporation from the surface of the broad, shallow river. 
The recent large losses that substantially exceed irrigation diversions and 
phreatopbyte consumption are infiltration from the river channel to the alluvium 
and thence to the underlying High Plains aquifer. The appreciable increase in 
ground-water withdrawals for irrigation from the High Plains aquifer during the 
1970's caused water-level declines that allowed alluvial water to recharge the 
underlying aquifer. The recharge from the river is the main cause for discharge 
losses from Garden City to Dodge City (Fig. 7). Except for unusually large flow 
years, such as 1965, the Arkansas River gained flow between Garden City and 
Dodge City up to the mid-l 970' s. This would have also been true of the state line 
to Garden City section of the river before the onset of diversions within Kansas in 
the late 1800's because water levels in the High Plains aquifer prior to substantial 
pumping were higher than the river (McLaughlin, 1943; Latta, 1944). Most of the 
flow loss during 1965 (Fig. 7) would eventually have been returned from bank 
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Fig. 6. Difference in Annual Discharge for the Arkansas River between the Colorado-Kansas State Line and Garden City, Kansas. 
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SALINITY BUDGETS AND AQUIFER CONfAMINATION 
The total amount of sulfate mass accumulating in the Arkansas River corridor in 
southwest Kansas is the difference in the mass entering and leaving the system. 
The inputs include sulfate (or the sulfur equivalent to sulfate) in river water 
flowing across the state line, subsurface ground-water flow into the area, rainfall 
falling on the soil, gases extracted by plants from the atmosphere, fertilizer and 
other agrochemicals applied to the soil, animals and associated feed and 
chemicals (and associated animal waste) imported into the area, and transported 
miscellaneous chemicals related to human commercial, industrial, and residential 
activities. Outputs include the sulfate (or sulfur equivalent) in river water and 
subsurface ground water flowing out of the area, gases retumed to the atmosphere 
by plants. and agricultural, commercial, and industrial products shipped out of the 
area. 
The largest mass of sulfate that enters and leaves the system is in the river surface 
water. Ground water flow into and out of the corridor area in the alluvial aquifer 
approximately balances and is not a significant factor. The concentration of 
sulfate in rainwater is very low (on the order of one to a few mgIL) and the input 
mass is less than a percent of the mass difference in the river input and output. 
Atmospheric absorption and release by plants is also small and the input and 
output approximately balances. The bigh concentration of sulfate in the canal 
irrigation water and the ground water affected by the river water infiltration 
provide much more sulfur than needed by crops, therefore sulfur-containing 
fertilizer is not needed. The sulfur mass in chemicals brought in for animal 
production probably approximately balances the sulfur mass removed when the 
animal products are shipped; the mass difference is not expected to be significant 
relative to the river fluxes. Likewise, the sulfur in materials related to other 
human activities that could affect water quality are expected to be insignificant 
relative to river water. In addition, inputs and outputs would counterbalance each 
other. 
Other than water. the largest mass of material entering and exiting the corridor 
area and that could enter the sulfate budget is probably agricultural crops. Grain 
grown in fields irrigated by river water would incorporate some sulfur from the 
water. Although some of the grain is used as animal feed within the river 
corridor. grain is also shipped out of the area. Plants draw up water through a 
semipermeable membrane in the plant roots and exclude most of the salt dissolved' 
in the soil water. However, some of the salt does enter the plant, including sulfur, 
which is a nutrient. The average sulfur content of the grain from an irrigated acre 
of crops ranges from 7 lbslacre (8 kglha) for wheat to 30 lbslacre (34 kglha) for 
alfalfa (Lamond, 1997). The values for soybeans, com, and sorghum fall within 
this range. The average for the 5 crops is 17lbslacre (19 kglha). The C<luivalent 
amount of sulfate dissolved in an acre-foot of water would give a concentration of 
19 mgIL. This concentration is about 1 % of the average sulfate content of 
Arkansas River Salinity 
Arkansas River water entering Kansas during the last decade. In general, the 
higher the soil moisture salinity, the higher can be the amount of many elements 
drawn into the plant in the water. Even if the sulfur content of the plants irrigated 
with saline river water were two or three times the average, and all of the crops 
were removed from the corridor, the total mass would only be a few percent of 
that accumulating from river water losses. 
Therefore, mass budgets for sulfate in the river water provide a good estimate of 
the sulfate mass accumulating in the river corridor in southwest Kansas. We 
computed the budgets for two areas: the state-line to the Garden City gaging 
station and from the Garden City to the Dodge City gaging station. We summed 
the net input for three periods: pre-1950, 1950-1975, and 1975-1997. The pre-
1950 period approximately represents the first half of flow losses in the system 
since the start of river water irrigation. The 1950-1975 interval is for the 
transition period of increasing ground-water use and spans the data record for the 
1964-1970 sulfate-discharge curve in Fig. 4. The 1975-1997 interval spans the 
data period for the second sulfate-discharge curve; the start of the interval is the 
beginning of little or no flows for several years at Dodge City and the transition to 
net annual flow losses within the Garden City to Dodge City corridor. We 
calculated the net loss for the Garden City to Dodge City area only for this 1975-
1997 interval. 
Although irrigation diversions from the Arkansas River started in the early 1880's 
in southwest Kansas, the systems did not beco~ extensive until about 1910 when 
the sugar beet industry grew substantially. Since the mid 1900' s, sugar beets have 
not been a crop irrigated by river water in the area but have been replaced 
principally by grain and forage crops. The large growth of phreatophytes along 
the river began after the turn of the century. We used a period of 50 years at the 
average conditions for the flow records of 1923-1949 available for both Syracuse 
and Garden City for the pre-1950 losses. Forty years at the average 1923-1949 
conditions should represent reasonably well the period 1910-1949 based on the 
1910 start of larger diversions. The additional 10 years at the average 1923-1949 
conditions should be a conservative approximation of the total losses from the 
early 1880's to 1910. As indicated earlier, total annual flow at the Syracuse gage 
is a good approximation of the annual discharge near the state line. Losses for the 
other two periods ate based on the Coolidge (except for 1950) and actual and 
estimated Garden City flow records. Volume losses for the two river segments 
are in Table 2. 
Estimates of average sulfate concentrations in the river water are necessary to 
compute the mass accumulation. We computed the average discharge for each of 
the periods for the river segments (Table 2). We estimated the sulfate 
concentrations for the 1950-1974 and 1975-1997 periods from the two curves in 
Fig.4. The estimate for the pre-1950's period is an approximation for somewhat 
less saline waters based on the observation that the salinity in the river water has 
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Table 2. Computations of flow losses, sulfate mass accumulated, and average sulfate concentration added to aquifer. The water volume in 
the aquifer includes that underlying a zone along the river, the diversion-irrigated area, and a ground-water mixing zone. 
Average annual Total flow loss for 
flow loss 1923- 50 years at 1923- Total flow loss for Total flow loss for 
1949 1949 average 1950-1974 1975-1997 
State line to 99,680 acre-ft/yr 4,984,000 acre-ft 1,501,000 acre-ft 2,419,000 acre-ft 
Garden City (1.230 x 10' m2/yr) (6.148 x 109 m2/yr) JJ.852 x 1~ m2/yr) (2.984 x 1~ mll-jr) 
Garden City to 550,700 acre-ft 
Dodge City (6.793 x 108 m2/yr) 
Average sulfate Average sulfate Average sulfate 
content of river content of river content in river 
water 1923-1949 water 1950-1974 water 1975-1997 
1050mg/L 1600mg/L 2OOOmg/L 
Sulfate mass Sulfate mass Sulfate mass Total sulfate mass 
accumulated for 50 accumulated for accumulated for accumulated from early 
years at 1923-1949 1950-1974 .1975-1997 1880's to 1997 
average_ 
State line to Garden City 6.46 x 10" kg 2.96 x 10' kg 6.46 x 10" kg 15.39 x 10' kg 
Garden City to DodEtl Ci~ 1.36 x 10' lot 1.36 x lO'~ 
Water volume in aquifer 
State line to Garden City 13,570,000 acre-ft 
(16.74 x 1~ m') 
Garden City to Dodge City - Alluvial and main part of High Plains aquifer 3,264,000 acre-ft 
(4.026 x 109 m') 
Alluvial aquifer only 1,152,000 acre-ft 
(1.421 x 109 m~ 
Average sulfate concentration 
added to aquifer 
State line to Garden City 919 mvll 
Garden City to Dodge City - Alluvial and main part of High Plains aquifer 337 mgIL 




























Arkansas River Salinity 
been increasing. Use of the 1964-1970 curve in Fig. 4 for the pre-1950's estimate 
would give a greater sulfate mass. The average flows decrease and the sulfate 
concentrations increase for each of the successive three periods (fable 2). 
An estimate of the average sulfate concentration in the ground water in the 
corridor is given by division of the total sulfate mass accumulated by the 
estimated volume of aquifer water into which the sulfate mass has migrated. The 
total area assumed for infiltration of the river water includes a zone along the 
river, the area irrigated by river water, and a mixing zone in the direction of 
ground-water flow. We estimated the zone along the river to be a 2 mile- (3.2 
km) wide band representing migration up to one mile (1.6 kIn) on either side of 
the channel. The irrigated area includes all square mile sections (a section is a 
surveyed unit of the former U. S. General Land Office) within the irrigation 
company boundaries, even though not all of the area has been consistently 
irrigated, all sections with 20 acres (8 ha) or more irrigation outside the company 
boundaries as indicated in a 1942 survey, and all non-irrigated sections 
surrounded by these irrigated areas. We estimated that the mixing zone extends 3 
miles (4.8 km) to the east of all sections that were indicated as irrigated by 
diversions in the 1942 survey. The 3-mile (4.8 kIn) distance approximately fits 
the observed distribution of sulfate in the aquifer outside the irrigation company 
boundaries. Some of the described areas overlap, such as where the irrigation 
company boundaries include the zone along the river. 
There are two types of aquifer areas included in the state line to Garden City 
segment of the Arkansas River corridor. An alluvial trench in bedrock exists from 
the state line to southwest Kearny County. The two-mile (3.2 kIn) band along the 
river sums to 80 mi2 (2(fl km2) in this segment. The estimated average saturated 
thickness of the alluvial aquifer for this zone is 40 ft (12 m). The Ogallala portion 
of the High Plains aquifer is present to the east of this alluvial aquifer band and 
the combined saturated thickness of the alluvial and Ogallala portions of the 
aquifer exceed 300 ft (90 m) in some locations. The saturated thickness is less 
today than before development of extensive ground-water withdrawals for 
irrigation. The total surface area between the Coolidge and Garden City 
discharge gages, into which river water from the channel and diversion systems 
could have seeped and migrated in the subsurface, is 270 sections or mi2 (699 
km2). The estimated average thickness of the currently saturated portion of the 
High Plains aquifer in this area is 250 ft (76 m). 
The Garden City to Dodge City segment of the corridor does not include any 
extensive diversion systems; only one small ditch in the flood plain is active when 
river flows are sufficient. A two-mile (3.2 kID) wide band along the river sums to 
about lOOmi2 (260 km2) for this segment. The average saturated thickness based 
on recent water level measurements for the High Plains aquifer is approximately 
170 ft (52 m). 
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The quantity of water in the aquifer volume that can be affected by the saline 
recharge within the time frame of decades is primarily dependent on the average 
porosity of all the sediments but the thickest clay units. Although the initial 
quantity of aquifer water impacted by saline recharge is dependent mainly on the 
specific yield, dispersion of salinity into fme-grained sediments would occur over 
a longer time. Some of the water within the interior of the least permeable, thick 
clays could take multiple decades to reach the salinity in the more permeable 
sediments because the limiting transport mechanism would be diffusion. 
The porosity of aquifer sediments is greater than the specific yield. The specific 
yield range used by the USGS in past models for the upper Arkansas River valley 
was 0.14-0.20 (Barkeret al., 1981; Dunlap et al., 1985). This range is somewhat 
smaller than average for sediment textures such as listed in Fetter (1994) implying 
that there are many zones of fine-grained deposits and also that some of the 
coarser-grained sediments could be poorly sorted. Based on the above and 
porosity ranges for sediments in Fetter (1994), we used an average porosity of 0.3 
for the High Plains aquifer to calculate the water volume. The resulting volumes 
calculated for the two river segments are listed in Table 2. 
The mass/volume calculations indicate that, if all the sulfate mass added had time 
to mechanically disperse unifonnly into the sediments, the average sulfate 
concentration added to the aquifers in the state line to Garden City portion of the 
corridor would be 920 mgIL. A calculation made for the major areas irrigated by 
river water in Kansas alone, based on a similar procedure as for the state line to 
Garden City segment of the corridor and using the amounts of water diverted, 
gives a similar average concentration for the aquifer underlying the irrigation 
systems and a ground-water mixing zone to the east of the irrigation area. These 
values should be added to the estimated sulfate content of the aquifer existing 
before the effect of Colorado irrigation systems on the river water qUality. The 
two-mile (3.2 km) wide band of the alluvial aquifer along the Arkansas River 
from the state line to southwest Kearny County might have contained sulfate 
concentrations of up to several hundred mgIL in some locations during 
particularly dry years before the start of river diversions in Colorado. South of 
the Arkansas River, sulfate concentrations in the uncontaminated part of the High 
Plains aquifer are less than 50 mgIL. North of the Arkansas River, the aquifer just 
outside of the river-irrigated area contains water with a sulfate content generally 
within the range 50-200 mgIL; this range is expected to be the natural background 
before the impact of anthropogenically induced salinity. 
The measured sulfate concentrations in well-water samples range widely 
depending on location and depth in the aquifer system. However, if the values 
were averaged, the concentration would generally fit the sum of the estimated 
naturally occurring and anthropogenically added contents based on the calculation 
above. Sulfate contents for alluvial aquifer waters along the Arkansas River in 
Hamilton and Kearny counties are greater than 2,000 mgIL in some locations. 
Arkansas River Salinity 
Fig. 8 shows the sulfate concentration in samples from wells greater than 60 ft (18 
m) deep (below the alluvial aquifer) in the Kearny and Finney county area of the 
Arkansas River corridor. There are large areas where the sulfate concentration 
exceeds 1,000 mg/L. Some of the wells yield waters with greater than 1,500 
mgIL. 
The calculated average concentration of sulfate in the entire aquifer underlying the river zone from Garden City to Dodge City is an appreciably smaller 
concentration. Water-level declines have not been as great along this stretch of 
the river and the river has been dry many of the years since the late 1970's. These 
factors, along with the presence of a less penneable zone underlying the highly penneable alluvium that slows downward migration to the main High Plains 
aquifer, have resulted in restricting the high sulfate concentrations primarily to the alluvial aquifer. For example, just to the west of Dodge City, multi-level 
observation wells 0.25 mile (0.64 lcm) south of the Arkansas River show a 
measured sulfate concentration of over 1,500 mg/L in the alluvial aquifer and 
about 50 mg/L from the top to the bottom of the underlying High Plains aquifer. 
A recalculation of the sulfate concentration for the Garden City to Dodge City 
segment, that would be appropriate for the alluvial aquifer, gives an average 
sulfate concentration of 960 mg/L added to the system if the aquifer thickness 
affected is only 60 ft (18 m). 
FUTURE CONDmONS 
The saline water flowing in the Arkansas River from Colorado and accumulating 
in southwest Kansas has contaminated some of the ground waters supplying cities 
and towns along the river corridor. Some municipalities have drilled new wells 
farther from the river to obtain fresher ground water. The salinity of other water supplies is increasing as the accumulated sulfate migrates downward and in the 
direction of ground-water flow in the aquifer. Based on conditions during the last decade and the existing accumulation of salinity, in about 50 years river water 
seepage has the potential to contaminate all of the High Plains aquifer underlying 
500 mi2 (1,300 lcm2) of the corridor to a sulfate concentration over 1,000 mgIL. 
This concentration is four times the recommended level for drinking waters. 
The increase in sulfate concentration from river channel seepage is mainly 
dependent on the river water quality. In general, the higher the river discharge 
entering Kansas, the lower the salinity. The annual mean flow for the longest 
gaging record that reasonably represents state-line flows (Syracuse station, 1903-
1906 and 1920-1998) is 295 cfs (8.4 m3/sec). The annual mean for the station 
near the state line (Coolidge) is for the period 1951-1998 and is smaller, 215 cfs 
(6.1 m3/sec). The estimated average concentrations of sulfate (based on Fig. 4) 
for the two mean flows at Syracuse and Coolidge are 1750 mgIL and 1930 mgIL, 
respectively, a difference of nearly 200 mgIL. Therefore, natural climatic 
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Fig. 8. Sulfate Concentration in Ground Water of the Arkansas River Corridor in Kearny and Finney Counties 
The data used are for wells >60 ft (18m) deep for 1986 - 1995. 
























Arkansas River Salinity 
variations and the use of water in Colorado are very important to the quality of 
water received by Kansas. 
In addition, there is a limited rate at which the water in the alluvial aquifer can 
migrate through the lower permeability zone, often present below the alluvium, to 
the underlying High Plains aquifer. Higher river discharge results in channel flow 
that extends throughout Kansas and carries substantial sulfate loads downstream 
out of the state. Extended low-flow periods can result in a dry river bed and the 
accumulation of all the salinity mass within southwest Kansas. Management of 
water storage and releases in Colorado are therefore also important to the amount 
of aquifer contamination in Kansas aquifers. 
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The river water that recharges the aquifer, even if saline, is a valuable resource. 
The recharge of the High Plains aquifer by river water seeping from the river 
channel and infiltrating below the ditch-irrigated areas is on a scale similar to 
other recharge projects in the United States costing many millions of dollars. As 
water treatment technologies become more cost efficient,. desalinization of a local 
supply might become competitive with distant transport of freshwater if water-
levels continue to decline at substantial rates in the High Plains aquifer. 
However, management and protection of the existing fresh ground waters in the 
corridor will probably be more economical for municipal, agricultural, and 
industrial uses. 
CONCLUSIONS 
Postel (1999), in her book "Pillar of Sand", has likened the salinity problems that 
can result from developing irrigation diversions in dry areas to a "Faustian 
bargain". She writes that "In return for transforming deserts into fertile fields and 
redirecting rivers to suit human needs, nature is exacting a price in myriad fonns. 
Among the most threatening is the scourge of salt - the creeping, insidious 
menace that undermined the stability of several irrigation societies, and that now 
places ours in jeopardy as well." Although the salinity problems in southeastern 
Colorado and southwestern Kansas are not be as severe as in ancient 
Mesopotamia, and today in river plains of Pakistan, India, China, and the Aral Sea 
and Colorado River basins, they bear consideration for the future. Just as in many 
of the past and current areas of salinization where parts of the river systems lie in 
different countries, Kansas and Colorado will need to resolve cross boundary 
issues. The Arkansas River Compact of 1948 has been one mechanism that 
addresses water use in these two states but not salinity concerns. Sherow (1990) 
describes the history of the Compact and other "quarrel and rapport" between 
Colorado and Kansas in his book "Watering the Valley." 
Irrigation companies and local, state, and federal agencies in Colorado and 
Kansas are working to understand the water-use and salinity issues and to develop 
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possible management approaches to mitigate the salt impacts. We are developing 
mass transport simulations to examine the saline water migtation under current 
conditions and to evaluate some of these possible management actions. The 
simulations involve recharge from the river and ditch irrigated areas, ground-
water flow, and sulfate mass transport. The results will allow a more specific 
determination of the amounts and locations of saline recharge that are consistent 
with known patterns of aquifer contamination. 
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IMPROVING SUBSURFACE DRAINAGE DESIGN AND MANAGEMENT TO 
REDUCE SALT LOADS FROM IRRIGATION AREAS IN 
SOUTHEASTERN AUSTRALIA 
Dr Evan Christen1 Dominic Skehan 1 
ABSTRACT 
A field investigation on a new vineyard in the 
Murrumbidgee Irrigation Area showed that improved 
subsurface drainage systems reduce salt loads in 
drainage water whilst providing waterlogging and 
salinity control. By only draining the rootzone the 
drainage volume and salinity were greatly reduced. 
Improved design and management options were tested 
against the current practice of deep pipe drains (1.8 
m depth) widely spaced (20 m apart) allowed to drain 
continuously. This drain configuration was managed to 
prevent flow when the water table was deeper than 1.2 
m from the soil surface, and not during irrigations. 
This resulted in a 50 % reduction in the drainage salt 
load. Shallow (0.7 m depth) closely spaced drains 
(3.65 m apart) were also tested and reduced the 
drainage salt load by 95 % when compared to the 
unmanaged deep drains. 
This improved design and management will significantly 
reduce the amount of salt that requires disposal. This 
work, together with other field and modeling studies, 
has been used to develop a set of guidelines for 
subsurface drainage with the aim of improving drainage 
water quality. 
INTRODUCTION 
The irrigation areas in southeastern Australia have 
developed shallow water tables to the extent that 
about 80 % of many irrigation areas experience water 
1 Respectively, Research Engineer and rechnician, CSIRO 
Land and Water, PMB No.3, Griffith, New South Wales, 
2680, Australia. 
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tables within 2 m of the soil surface. These water 
tables create serious problems of waterlogging and 
land salinisation. 
In the past waterlogging has been controlled by the 
installation of subsurface drainage (tile drainage) 
which lowers water tables. This has been successful in 
horticultural farms of the Murrumbidgee Irrigation 
Area (MIA), Shepparton Irrigation Region and the 
Riverland along the Murray river. However, the nature 
of subsurface drainage is such that large amounts of 
salt are exported in the drainage water. At the time 
of installation the downstream consequences of salt 
export were not considered. 
Subsurface drainage schemes have been targeted as 
areas for salt export reduction, since the drainage 
water is normally an order of magnitude more saline 
than surface drainage waters. In the MIA, the Land and 
Water Management Plan (LWMP) (DLWC 199B) identifies 
subsurface drainage as a major salt exporter from the 
area. About 30 % of the salt load leaving the area is 
from subsurface drainage, although only 7 % of the 
area has subsurface drainage installed. The MIA L&WMP 
set a goal of a 25 % reduction in the salt load from 
existing subsurface drainage. 
In the MIA, new horticultural developments are to a 
large extent on the heavier soils that were previously 
used for annual crops such as rice and vegetables. 
These soils are quite different from those previously 
associated with horticulture, which were more freely 
draining lighter textured soils. Thus, new drainage 
design and management are required to reduce salt 
loads and provide effective drainage in heavy clay 
soils. 
RESEARCH AIMS AND OBJECTIVES 
The research aims .were to investigate and develop new 
subsurface drainage design and management techniques 
to reduce the salt load from subsurface drainage in 
horticultural developments in the Riverine Plain of 
southeastern Australia, and provide a set of 
Subsurface Drainage Design and Management 
guidelines for water managers, installers and users of 
subsurface drainage. Specific objectives were: 
11 Develop and test improved subsurface drainage 
designs for clay soils that provide effective drainage 
of the root zone whilst minimising salt mobilisation in 
the drainage water; 
21 Develop and test management practices for eXisting 
subsurface drainage systems to minimise salt export; 
31 Determine if deep drains with improved management 
are as effective as shallower drains in managing 
waterlogging and reducing salt mobilisation. 
METHODOLOGY 
Site Description 
New subsurface drainage design and management 
strategies were tested in a replicated field trial on 
a newly established vineyard in the MIA, situated 30 
km north east of Griffith, NSW, Australia. The 
vineyard was 2 years old, and was previously used for 
growing rice. The soil was a Griffith Clay Loam, 
Butler (1979). The top 0.3 m is a clay loam that 
becomes progressively heavier with depth down to about 
0.9 m and then continues as a medium clay. The deep 
subsoil ranges from a light to heavy clay with soft 
and hard carbonate . Irrigation was applied down narrow 
furrows on both sides of the vines. Irrigations were 
about 8 hours in duration every 10 - 14 days. The 
irrigations were well managed with rapid advance 
times, about 4 hours to reach the bottom of the 400 m 
vine row, and only a small amount of run-off. The 
irrigation furrows were maintained in good condition. 
Drainage Treatments 
Drainage treatments installed in the experiment were: 
1/ Deep Drains - Pipe Drains (100 mm slotted plastic 
pipe) at 1.8 m deep and 20 m apart, allowed to flow 
continuously. This represented current drainage design 
and management practices . 
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2/ Managed Deep Drains - Pipe drains configured as in 
treatment 1 above were managed to flow only when the 
water table was within 1.2 m of the surface, and not 
during irrigations. 
3/ Shallow Drains - Shallow 'Mole' drains, 3.6 m apart 
and 0.7-0.8 m deep. A Mole drain is an unlined soil 
tunnel formed by soil compression. 
4/ No Drainage - No subsurface drainage. 
These treatments were chosen to: 
1. Assess shallow closely spaced drains in providing 
effective drainage of the root zone, whilst 
minimising salt mobilisation, after work by Muirhead 
et al. (1995) and Devera1 and Fio (1991). 
2. Test the practice of managing existing drains to 
flow only when watertable levels are critical and 
not during irrigations, after work by Ayers (1996). 
3. Determine if deep drains with improved management 
are as effective as shallower drains in reducing 
salt mobilisation, whilst managing waterlogging and 
root zone salinity. 
Experimental layout 
The experiment was laid out in two blocks of equal 
area with complete randomisation in each block. Each 
treatment was 70 m long of varying width. Each 
individual drainage replicate had it's own sealed 
collector drain running to the pump sump where 
measurements of drainage quantity and quality were 
made, see Fig. 1. 
Experimental Measurements 
The experimental measurements aimed to quantify the 
drainage volume and salinity from each treatment and 
compare this with the effect of each treatment on 
water tables and soil salinity. Crop measurements were 
also made to ascertain the overall effect of the 
drainage treatments on vine growth and yield. 
Irrigation applied to the vineyard was measured at the 
Dethridge wheel, which was calibrated using a Doppler 
Subsurface Drainage Design and Management 
ultrasonic flowmeter. Irrigation water salinity was 
sampled several times during each irrigation. Rainfall 
was measured at the sump and run-off was estimated at 
10% of water applied. 
Drainage discharge from individual treatments was 
measured manually at the pump sump. Measurements were 
taken at around half hourly intervals at times of peak 
flows after irrigation and at subsequently larger 
intervals as the flow rates declined. Drainage samples 
for electrical conductivity and chloride were taken in 
conjunction with the flow rate measurements. 
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Fig. 1. Field Experiment Layout 
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Watertables and piezometric levels in each drainage 
treatment were measured using 1 m test wells and 3 m 
piezometers. These were situated in the vine row 
between drains in the shallow drainage treatments, and 
above and between the drains in the deep drainage 
treatments. These were logged at half hourly 
intervals. 
Soil salinity was measured after each irrigation 
season by soil sampling to 2 m and EM38 survey and 
leaf chloride and yield measurements were undertaken 
at the end of the experiment. A detailed description 
of the site, treatments and measurements can be found 
in Christen and Skehan (1999). 
Climatic Conditions 
The MIA climate is described as 'Mediterranean' or 
semi-arid. The summers are hot and dry, while winters 
are mild with frosty nights. Mean annual rainfall is 
418 mm, ranging between 140 and 700 rnm. Rainfall is 
fairly evenly distributed through the year. Mean 
annual potential evapotranspiration (ETo) is 1800 rnm. 
Only for the winter months does mean rainfall almost 
match ETo. 
Seasonal Conditions 
Experimental measurements were taken from January 1997 
until February 1998, encompassing almost two growing 
seasons that are typically between September and 
February. During the experimental period there were 
few periods of high rainfall. Most rainfall was in 
small amounts which was absorped at the soil surface. 
There was only one rainfall event of 30 mm, on the 12th 
of January 1998, which caused the drains to flow. 
During 1997 there was only 336 mm of rain in total 
compared to the annual average at Griffith of 418 mm. 
The probability of exceedance of 336 mm of rainfall at 
Griffith is 70 %, when analysing the entire 121 year 
rainfall record. 
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RESULTS 
Drain Flow 
The different drainage treatments resulted in markedly different drainage volumes and salinities, and hence salt loads. The differences in flow resulted from the drain position in the soil profile and the management of the drains. The Deep Drains flowed continuously for the irrigation seasons, a small saline flow being 
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Fig 2. Treatment Hydrographs During and After an 
Irrigation 
The Deep Drains continued to flow long after the 
Shallow Drains had ceased because they were draining a larger soil volume, down to 1.6-l.B m, and they were influenced by regional groundwater pressures, Deverel and Fio (1991) also reported this effect. Regional 
groundwater effects were demonstrated by a 0,5 m rise in piezometric levels at the beginning of the 
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irrigation season before any irrigations had been 
applied at the site. 
The Managed Deep Drains were influenced less by these 
regional effects as they were prevented from flowing 
when the watertable reached 1.2m deep. The Shallow 
Drains had the shortest flow durations with the 
highest peak flows. This is due to only draining a 
shallow soil depth and the regional potentiometric 
level being below these drains. 
Drain Water Salinity 
Irrigation water salinity during the trial varied from 
0.1-0.2 dS m-1 • There were significant treatment 
differences in the overall drain water salinity and in 
the variation in salinity over time, Fig. 3. 
Initially, the Deep Drains maintained a fairly 
constant salinity both during and between irrigations 
apart from a slight reduction in salinity at the time 
of the irrigation. This was probably caused by 
irrigation water flowing preferentially to the drains 
through the more permeable trench above the drain. In 
comparison, the managed drains had lower drain water 
salinities, with the lowest salinity drainage from the 
shallow drains. Muirhead et al. (1995) also found that 
discharge from shallow drains had much lower salinity 
than that from deep drains. 
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Fig. 3. Drain Water Salinity over the Period of the 3rd 
and 4th Irrigations 
Watertable Depth and Drain Water Salinity 
The water table response under the Deep drains, Fig. 4, 
shows that a deep pipe drainage system, without major 
groundwater inflow from surrounding areas, only needs 
to be run for 2 to 7 days after an irrigation to lower 
the watertable below the root zone. After which 
turning off the pump can discontinue further drainage. 
When the water table was shallow, during and just 
after an irrigation, the drainage water salinity was 
low, as the water table receded the drainage water 
salinity became more saline, Fig. 4. This is because 
drainage water salinity is a function of the depth of 
dominant water flow paths, Jury (1975) and in these 
soils the groundwater salinity is around 12 dSm -1 and 
soil salinity increases with depth. 
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Fig. 4. Drainage Water Salinity and Water Table Depth 
for Deep Drains 
Drainage Salt Load 
The Managed Deep Drains removed 10-14 times the salt 
applied in the first three irrigations monitored (This 
additional salt is from that stored in the profile) . 
This then declined to 0.3-4 times the salt applied. 
Overall the Managed Deep Drains removed 6 times more 
salt than applied, about half that of the Deep Drains, 
Table 1. 
This was also the case for the rainfall event, where 
the Deep Drains removed 401 kg ha-1 compared to 223 kg 
ha-1 for the Managed Deep Drains. 
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Table 1. Salt Applied in Irrigation Water and Removed 
by Drains over Two Seasons (10 events) 
Salt applied (kg ha -1) Salt removed (kg ha- i ) 
Deep Drains 
Total 508 5867 
Ratio· 11 










The least salt removed was by the Shallow Drains, only 
about 0.6 of the salt applied in the irrigation water. 
This indicates that salt is accumulating in the 
profile with the Shallow Drains. This accumulation of 
salt is not necessarily a risk to the crop as the salt 
was not found to be accumulating in the root zone. 
Also the total amount of salt accumulated is 
relatively small, 189 kg ha-1 , which could be removed 
subsequently by irrigation or rainfall. 
During the course of this trial there was only one 
significant rainfall event in a very dry period so the 
more normal effects of leaching by winter rainfall did 
not occur. Of the three drainage treatments the 
Shallow Drains were the closest to having a salt 
balance between salt applied and salt removed. 
Watertable Control 
The Deep Drains limited watertables less than 1 m deep 
to 8% of the time over the irrigation season, Table 2. 
The management changes used to control water flow from 
deep drains had little effect on the period 
watertables were above 1m. The Shallow Drains gave the 
best control of shallow watertables, but the 
watertable did build up beneath this treatment and was 
controlled at mole depth, which is consistent with 
results of Muirhead et al. (1995). 
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Table 2. Duration of Water Tables above 1 m 
Treatment 
Deep Drains 










There was a variation in the initial soil salinity's 
of the treatment plots, the Deep Drain plots having 
the highest salinity. After two seasons the salinity 
in the top 0.6 m had dropped in the Deep Drain 
treatment but had remained static for the other 
treatments, Fig. 5. 
The Undrained treatment also experienced little change 
in salinity indicating that the drainage conditions 
were adequate to prevent salt accumulation. These 
results are only for a relatively short period and as 
such may not reflect the longer term effects of the 
treatments. 
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Fig. 5. Average Soil Salinity to 0.6 m (1996 sampling 
is before treatments were installed) 
Vine Yield and Leaf Chloride 
Leaf analysis found that the leaf chlorides in all 
treatments were similar, 0.57 - 0.69%, and well below 
the 1% toxic level. Vine yields taken at the end of 
the second season were found to be fairly uniform and 
quite high, 6.l-6.7kg/vine. 
CONCLUSIONS 
Changing drainage design from deep widely spaced 
drains to shallow closely spaced drains . 
• Shallow drains removed less water than deep drains, 
thus potentially making more water available for plant 
use • 
• Shallow drains have low drainage water salinity and 
remove smaller drainage volumes, thus reducing salt 
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load, up to 95 % reduction compared to deep drains in 
this trial. 
• Shallow closely spaced drains control watertables in 
the root zone better than deep widely spaced drains. 
Managing deep drains by preventing discharge during 
irrigation and whenever the water table was below 1.2 
m 
• Managed deep drains removed less water than deep 
drains, thus potentially making more water available 
for plant use. 
• Managing drains reduces drain flow compared to 
unmanaged drainage, resulting in a reduction in 
drainage salt load, 50 % in this trial. 
• Deep drains, even when managed, were not as effective 
as shallower drains managing waterlogging and reducing 
salt mobilisation. 
Impact of the drainage systems 
An important outcome from this analysis is that the 
drainage treatments had only small effects on the root 
zone salinity over the experimental period and no 
measurable effect on vine health, but still drained 
water and salt from the area. Therefore, over the 
period monitored the water drained, salt removed, 
costs incurred, and downstream impacts of drainage 
water resulted in little direct productivity benefit 
to the farm. 
A subsurface drainage system provides long term 
benefit to a farm in controlling waterlogging and 
salinity. However, there are periods when drainage is 
not critically required as occurred during this 
experiment. This can be due to changing land use, 
changing external hydrological impacts or dry climatic 
conditions. During these periods it is even more 
important that the drainage system incurs the least 
downstream impacts and least costs to the farmer. 
This experiment showed that drainage systems for 
irrigated areas on clay soils in south eastern 
Australia can be designed and managed better than the 
currently accepted practices, so that detrimental 
Subsurface Drainage Design and Management 
downstream environmental effects due to excessive salt 
export are reduced, without affecting the productivity 
of the farm. 
GUIDELINES FOR SUBSURFACE DRAINAGE DESIGN AND 
MANAGEMENT TO IMPROVE DRAIN WATER QUALITY 
Using this work and results from other field trials 
and modeling not reported here guidelines for the 
Riverine plains, Australia have been developed. 
New Drainage Systems 
New drainage systems should consider the potential for 
salt mobilisation: 
• Avoid sites where large volumes of drainage may 
occur from regional groundwater. 
• Install drains as shallow as possible. 
• Design drainage systems into management units 
aligned with irrigation units. 
• Install drainage control structures to manipulate 
water tables 
• Main drains and sumps that are installed at depth 
should be sealed to prevent entry of saline water. 
Existing Drainage Systems 
• Should have control structures installed so that 
drainage can be managed. 
• Should be divided into management units with control 
structures aligned with irrigation units. 
Management of Drainage Systems 
• Drainage systems should be prevented from 
discharging during irrigation events. 
• Drainage systems should be controlled to maintain 
water tables safely below the root zone, not left to 
drain uncontrolled where water tables may fall much 
deeper than required. 
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EVALUATION AND UPDATE OF DRAINAGE WATER MANAGEMENT 
OPTIONS ON THE WESTSIDE SAN JOAQUIN VALLEY, CALIFORNIA 
Manucher Alemil Wayne Verrill 2 
ABSTRACT 
Over one million acres of irrigated lands on the 
westside of the San Joaquin Valley are affected by 
shallow water tables, salinity, and toxic trace 
elements such as selenium. The San Joaquin Valley 
Drainage Program developed a management plan in 1990 to 
manage agricultural subsurface drainage and related 
problems. A review of the present status and 
information on the SJV drainage problem since adoption 
of the 1990 Plan is under way. Three subarea committees 
comprised of growers and water district staff 
representing the drainage problem area prepared reports 
on the implementation status of the 1990 Plan 
recommendations. Eight technical committees comprised 
of university scientists, government agency staff, 
water district staff, growers, and other stakeholders 
reviewed the latest information on drainage management 
options. The committee reports present detailed 
information on eight drainage management measures. The 
current status of knowledge on each of the eight 
measures is summarized in this paper. 
2 
San Joaquin Valley Drainage Implementation Program, 
Coordinator, Division of Planning and 
Local Assistance, Department of Water Resources, 
1020 Ninth Street, Sacramento, CA 95814. 
Associate Land and Water Use Analyst, Division of 
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INTRODUCTION 
California's San Joaquin Valley is one of the world's most 
vital and productive farming areas. The westside of the 
San Joaquin Valley is a fertile yet arid landscape where 
commercial agriculture is viable only with irrigation. A 
low permeability clay layer underlies most agricultural 
lands of the westside SJV. The clay layer does not allow 
for adequate percolation of leachate, causing the water 
table to rise toward the soil surface. Water logging of the 
crop root zone and evapotranspiration of soil water from the 
shallow water table results in the accumulation of salts and 
potentially toxic trace elements in the crop root zone. 
High concentrations of naturally occurring trace elements, 
such as selenium, in drainage water may pose a hazard to 
fish and wildlife when agricultural drainage waters are 
discharged to surface water bodies. 
Salinization 
The San Joaquin Valley Drainage Program Study Area on the 
westside SJV is about 2.3 million acres (Figure 1). 
Using 1980-85 data to demonstrate the extent of salt 
accumulation in the study Area, SJVDP estimated the annual 
increase in total dissolved solids in the upper aquifer to 
be about 6.115 million tons. The sources of this salt 
accumulation are shown in Table 1. 
Table 1 - Estimated Salt Contributions 
Source 
Native salt solubilization 
Imported water from the Delta 
Groundwater pumped from the 
confined aquifer 
Local stream diversions 
Lateral groundwater inflow 
and local stream inflow 
Canal seepage and precipitation 
Water Table and Water Quality 







The depth of the shallow groundwater table below the ground 
surface in the Study Area is monitored at over 1,000 
locations twice each year. The water table is shallowest in 
Drainage Water Management Options 




Program Study Area 
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early spring as a result of winter rainfall and preplant 
irrigations. In many areas, depth to the water table 
increases with time during the growing season due to reduced 
percolation (caused by decreasing infiltration rates), 
increased shallow groundwater use by crops, and limited 
natural and artificial drainage. Areas having shallow water 
depths from 0-5 feet during 1991-1997, varied from a minimum 
of 311,000 acres in 1991 to a maximum of 749,000 acres in 
1997. SJVDP conducted a regional water quality evaluation of 
key constituent concentrations from 1984-1990 (Table 2). 
Table 2. Areas with Shallow Water Table Between 
0-5 Feet and Salinity, Selenium, and Boron 
Concentrations in Shallow Groundwater, 1984-1990 Data 
Constituent concentration Area (acres) 
Salinity >2500 ppm 
Boron > 2 ppm 
Selenium > 5 ppb 
In 1995, DWR conducted a one-time monitoring of 
electrical conductivity in shallow groundwater 




Table 3. 1995 San Joaquin Valley Shallow Groundwater 
Area for Groundwater Electrical Conductivity Ranges 
EC Range 
Microsiemens/cm 
o to 2,000 
2,000 to 4,000 
4,000 to 10,000 
10,000 to 20,000 








Table 2 indicates that salinity is high in over 660,000 
acres and boron and selenium are also present in 
significant concentrations in shallow groundwater. 
Table 3 shows the area and range over which salinity 
affects irrigated lands. 
San Joaquin Valley Drainage Implementation Program 
Four federal and four State agencies signed a 
Memorandum of Understanding 1n December 1991. The 
agencies agreed to use SJVDP's 1990 Plan as the guide 
Drainage Water Management Options 
to manage the Valley's subsurface drainage problems. 
They agreed to work together to identify specific tasks 
and associated responsible parties, seek needed funding 
and authority, and set schedules to implement all 
components of the 1990 Plan. Those signing the MOU 
recognized that the success of the program depended on 
local districts and irrigators to carry out effective 
drainage management measures. Key components of the 
SJVDP 1990 Plan are: source reduction, drainage reuse, 
land retirement, evaporation ponds, groundwater 
management, river discharge, water for fish and 
wildlife protection, and institutional changes. 
Recommendations were made for the various subareas. 
SJVDIP Drainage Management Update Process and Results 
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In 1997, the SJVDIP in cooperation with the University of 
California and water and drainage districts in the Valley 
began to evaluate and update the 1990 Plan. This process is 
intended to remove the constraints to implementation of the 
1990 Plan and foster cooperation among stakeholders in 
resolving long-term drainage problems for the benefit of 
both agriculture and the environment in the Valley. 
This activity is being carried out in three phases by the 
SJVDIP. The first phase in updating the 1990 Plan consisted 
of two concurrent tasks. One task was formation of three 
subarea committees consisting of growers and district staff. 
The subarea committees' task was preparation of status 
reports that assessed the progress toward adopting the 
recommendations of the 1990 Plan. The three subareas were 
Grasslands, Westlands, and Tulare-Kern. The second task was 
a technical and economic evaluation of the management 
options proposed in the 1990 Plan, with the addition of salt 
and selenium utilization. In total, eight technical 
committees consisting of university scientists, government 
agency staff, and stakeholder representatives reviewed and 
evaluated information on eight separate drainage management 
measures. These two tasks were completed in early 
1999 (SJVDIP, 1999a-1999k). 
The second phase is a synthesis of tne information gathered 
in the first phase into a report that identifies 
interactions and trade-offs between drainage management 
options. The report also makes recommendations based on 
technical and economic considerations. This task was 
accomplished by an Ad Hoc Coordination Committee and was 
completed in January 2000. 
268 Irrigation and Drainage in the New Millennium 
The third phase will use the recommendations from the 
second phase along with input from stakeholders to 
formulate acceptable processes and means for further 
implementation of drainage management measures. 
CURRENT STATUS OF KNOWLEDGE ON DRAINAGE MANAGEMENT 
MEASURES 
Drainage Reuse 
Demonstration projects to reuse drainage water on salt 
tolerant crops and halophytes and -discharge brine to a 
solar evaporator at a rate equal to daily evaporation 
have been established. Substantial progress has been 
made in the development of these sequential reuse 
systems with an endpoint of salt separation in solar 
evaporators. Additional research is needed on selection 
and marketability of halophytic crops, and management 
of selenium and boron within the reuse system. Long-
term sustainability has not been established. 
Drainage Treatment 
Opportunities exist to apply reverse osmosis membrane 
technology for the recovery of drinking-quality water 
and concentration of brine and selenium. Desalinization 
of drainage is now being considered for implementation. 
Biological treatments currently under development also 
hold promise. 
Land Retirement 
A IS,OOO-acre land retirement pilot project is being 
initiated by the USBR, and a corollary program is being 
initiated by the Westlands Water District. The 1990 
Plan purpose for land retirement, environmental 
isolation of selenium, has been expanded to include 
habitat restoration for recovery of special-status 
species, and water transfers. Management techniques are 
needed to prevent soils from becoming salinized and 
seleniferous. Use of limited irrigation and rotational 
fallowing are alternatives to complete cessation of 
irrigation and permanent retirement. These alternatives 
could achieve the objectives of increased water 
conservation and reduced drainage volume while 
minimizing soil salinization. 
Drainage Water Management Options 
Evaporation Ponds 
Evaporation ponds play a major role as a terminal point 
for disposal of drainage water in closed basins. 
However, the impacts of selenium on water birds using 
the ponds have to be mitigated. Substantial reductions 
in bird use of ponds and bird impacts have been 
observed after pond configurations were modified and 
mitigation habitats were provided. For example, for 
740 acres of evaporation ponds where average selenium 
concentration in drainage water was about 7 ppb, 145 
acres of compensation habitat and 640 acres of 
demonstration habitat were established to mitigate 
adverse impacts. Continued research is needed to 
provide additional data regarding the effectiveness of 
mitigation measures. 
Source Reduction 
Improved irrigation systems and management plays a 
major role in the reduction of drainage water volume. 
Subsurface drainage can be reduced by shortening furrow 
lengths, installing drip and linear-move irrigation 
systems, modifying irrigation schedules and managing 
groundwater levels to encourage crop use of shallow 
groundwater, and generally improving management of 
irrigation systems. 
Groundwater Management 
Although groundwater continues to be pumped in portions 
of the Study Area, especially in years of limited 
surface supply, a systematic pumping plan to lower 
shallow groundwater tables, as recommended in the 1990 
Plan, has not been implemented over concerns of poor 
water quality. The technical committee has determined 
that it is possible to reduce the volume of drainage 
water by managing groundwater tables. The drawback in 
lowering shallow groundwater tables by pumping from 
deeper aquifers is gradual degradation of the aquifers. 
River Discharge 
Discharge of drainage water containing conservative 
constituents to the San Joaquin River can be timed to 
coincide with periods of high flows and high 
assimilative capacities in the River. This requires a 
real-time management system for drainage discharge, and 
thus cooperation and coordination among water users, 
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dischargers, and reservoir operators. Currently, 
discharge of drainage water containing selenium is 
subject to regulation of water column concentration of 
selenium as well as selenium load limits. Research 
should continue on the determination of site-specific 
ecotoxicity criteria for selenium, based on a better 
understanding of exposure pathways for at-risk biota. 
Such site-specific ecotoxicity criteria may allow for 
real-time management of selenium discharge. 
Salt and Selenium Utilization 
Industrial and commercial markets for salt and 
selenium, as well as human and animal health and 
nutrition uses for selenium, already exist. A research 
and development program is recommended for the 
separation, harvesting, purifying, manufacturing, and 
marketing of salt and selenium products made from San 
Joaquin Valley drainage salts. 
IMPLEMENTATION ANALYSIS 
The selection of a combination of drainage management 
options depends on the feasibility and applicability 
for specific conditions in the Valley. In this 
analysis we consider two regions, one with access for 
discharge to the River (Region A), and one without 
discharge to the River (Region B). In selecting a mix 
of options to meet regulatory requirements (for 
example, load limits), the cost of each option must be 
evaluated. The combination of options that meet the 
requirements at a minimum cost should be selected. 
Assuming that discharge to the River is subject to 
water quality objectives (SJVDIP, 1999g), and discharge 
to evaporation ponds is subject to Waste Discharge 
Requirements (SJVDIP, 1999d and 1999h), we offer the 
following strategy for in-valley drainage management. 
Regions A and B 
Initial Drainage Reduction: Source control, on-farm and 
district-wide drainage reuse, and active land 
management should be taken as the first step in 
managing drainage water in both regions. However, 
these actions alone may not be sufficient to eliminate 
the volume of drainage requiring management. Therefore 
the following further actions may be needed. 
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Region A 
Discharge to the River: After initial drainage 
reduction measures have been taken, the remaining 
drainage water can be discharged to the River provided 
it meets river discharge requirements. 
Discharge to Ponds: If discharge to the River exceeds 
the load limits or water quality objectives, then 
discharge to evaporation ponds (standard, modified, or 
accelerated rate) could be selected. When selenium in 
drainage is less than 2 ppb, standard evaporation ponds 
are sufficient. When selenium concentrations are high, 
modified ponds, and pond site-specific management 
measures, are necessary to reduce impacts to water 
birds. Compensation habitat is also necessary for 
unavoidable impacts. These additional management 
measures add to the costs of drainage management. 
In an experimental study, drainage is used on 
halophytes and brine is discharged to solar evaporators 
at a rate less than daily evaporation. When managed 
properly, these evaporators have shown promise. 
Selection of solar evaporators versus evaporation ponds 
depends on site-specific conditions. For example, solar 
evaporators require installation of tile drains in 
halophytes, and dedication of agricultural land to 
halophytes as well as the evaporators. Since water can 
not be ponded in a solar evaporator, for a given amount 
of drainage water, more land is required compared to an 
evaporation pond. Evaporation ponds and mitigation 
habitat can be created on poor soils. Thus the 
economics of pond modifications, management, and 
compensation habitats vs. costs of solar evaporators 
have to be analyzed before selecting a drainage 
discharge system. 
Secondary Drainage Reduction Measures: If evaporation 
ponds are not a viable option, drainage treatment, 
groundwater management, and land retirement should be 
considered in a mix of options with minimum costs. 
Region B 
In Region B, River discharge is not an option. After 
initial drainage reduction measures are implemented, 
remaining drainage can be discharged to evaporation 
ponds. If evaporation pond requirements reduce the 
feasibility of this option, secondary drainage 
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reduction measures can be implemented. 
CONCLUSIONS 
Shallow groundwater, salinity, and selenium are three 
major drainage problems in the Valley impacting 
agriculture and the environment. Drainage management 
measures including source reduction, drainage reuse, 
evaporation ponds, and limited discharge to the River, 
as recommended in the 1990 Plan, appear to be effective 
in managing the drainage problem. Drainage treatment 
may still be limited by cost. Groundwater management 
may contribute to some water quality degradation, and 
may have limited potential. Salt separation and 
utilization is currently under development. Further 
research, monitoring, and field experiments are needed 
to develop an optimal mix of efficient, cost effective, 
and environmentally protective drainage management 
measures. 
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SIMULATION STUDIES ON USE OF SALINE WATER FOR IRRIGATION 
IN SEMI-ARID ENVIRONMENT 
Satyendra Kumarl R.K.Jhorar 
ABSTRACT 
Diagnosis in water management is being supported more recently with ~ help 
of physically based numerical models simulating the water and salt balance. This 
paper presents computer aided water management for interpretation of field 
experiments and for predicting future scenarios. An agro-hydrological model 
was first cahbrated and validated for local conditions (Hisar, India) and 
subsequently used for predicting long term impacts. Various water management 
response indicators are used to interpret the impact of both medium (4 years 
experimented) and long term (next 10 years simulated) use of such saline waters 
on soil environment and sustainable crop production. The present simulation 
study showed that the prolonged use of high salinity waters (EC ~ 7 dS/m) with 
normal irrigation (preplant with 8 cm canal and postplant with 6 cm saline 
water) in semi-arid areas should be restricted on medium to heavy textured soils 
because high salinity proved detrimental to relative transpiration and ultimately 
to the grain yield. Salinity hazard index was inflated by 92 to 146% and relative 
transpiration was suppressed by 40 to 60%. Consequently, simulated wheat and 
pearlmillet crop yields were down to 37 and 18 qlha for 7 dS/m water and to 
merely 25 and 13 qlha for 14 dS/m water during 15* simulated year, compared 
to 62 and 31 q/ha realized under canal water in the beginning in 1989-90. 
However, simulations showed that prolonged use of marginally saline water 
(EC = 3.5 dS/m) under normal irrigation and even of moderately saline water 
(EC = 7 dS/m) under heavier irrigation (12 cm canal pre- and 10 cm saline 
postplant water depths), on such medium to heavy textured soils, with a 
sub-surface drainage system, need not be forbidden. Reasonably good crop 
yields could still be obtained in the range of 46-48 and 21-22 q/ha for wheat and 
pearlmillet crops. Drainage effiuent of 7.6 dS/m salinity from using 7 dS/m 
water continuously over 14 years indicates sustainability in using such moderate 
quality waters. But for highly saline waters (EC ~ 14 dS/m) such long term 
usage needs to be restricted on such soils in semi-arid areas where even the 
heavier amounts of irrigation failed to depress salinity hazard and elevate crop 
transpiration to any noteworthy levels, grain yields remaining below 30 and 15 
q/ha for the two crops. 
i Senior Soil Physicist, Department of Soil Science, 
1 Assistant Professor, Department of Soil and Water Engineering, 
CCS Haryana Agricultural University, Hisar-12S 004,lndia 
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INTRODUCTION 
The importance of irrigation in world's agriculture is well known. It is used on 
a large scale mainly in arid and semi-arid areas. Allover the world where 
irrigation is being practiced, waterlogging and salinization are known 
phenomena. Approximately 25 % of the world's total irrigated area is affected 
by such forms of land degradation and about 36% in India. In central and north-
west Haryana (India), most lands have soils and ground waters often rich in 
salts. The consequent waterlogging and soil salinization pose immediate threat to 
the sustainabiIity of agricultural production in this part of Haryana where the 
water table has risen at a rate of 10 to 30 cm annually during past three decades 
with 0.47 million hectare area already within 3 m from ground surface during 
June 1996. This area is further marked by inland drainage basin conditions with 
no natural outlets for drained and/or pumped water. Saline water was considered 
in the past as a non-usable resource. However, now the old standards are 
changing and new practices are being adopted (Oster,I995). Recent studies 
indicate a potential for the use of saline drainage/irrigation waters for crop 
production (Rhoades et aI., 1989; Hamdy et al., 1993; Kumar et al., 1996, 
Kumar, 1998). Diagnosis in water management is recently being supported more 
and more with the help of physically based computer models simulating the 
water and salt balance dynamically. This paper presents computer aided water 
management for interpretation of field experiments and also for predicting future 
scenario. An agro-hydrological model was fmt calibrated and validated for local 
conditions by using the field observed data of 4 years and then simulations were 
extended for a period of over 10 years with waters (i) of actual field salinity 3.5 
dS/m (SW3,j) and of hypothetical salinities of 7.0 (SW7) and 14.0 (SW1J dS/m 
vis-a-vis canal water (0.3 dS/m = CW), (ii) with normal irrigation mode (lM1): 
preplant irrigation with 8 cm of canal water and postplant irrigation with 6 cm 
of saline water and (iii) also with a heavier irrigation mode {lMJ: preplant 
irrigation with 12 em of canal water and postplant irrigation with 10 cm of 
saline water. 
WATER AND SALT BALANCE 
Water balance clearly shows the existence of a close relationsbip between 
irrigation and drainage. In one dimensional unsaturated/saturated soU profiles, 
the water balance is accounted as: 
!J.W = p + I". + Q-T ... -E ... -E.-R-D, (1) 
where !J. W is the water storage change in a vertical soil profile, P the gross 
natural precipitation, I". the man-induced irrigation, Q the flux through the 
bottom of the vertical soil prOfile (positive = seepage, negative = natural 
drainage), T ... the actual crop transpiration, E ... the actual soil evaporation, ~ 
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the precipitation intercepted by foliage, R the runoff and Dr the drainage. 
In humid regions artificial sub-surface drainage Dr is required SO as to remove 
excessive soil moisture arising from precipitation whereas in arid and semi-arid 
irrigated regions Dr is needed to controlll W so as to keep the salt balance close 
to neutral. A small over irrigation (1.,> >T.J is usually preferred in order to 
maintain salinity within acceptable limits by leaching the soil profile. Therefore, 
both irrigation and drainage need to be considered simultaneously for improving 
water management systems. The salt balance of the soil profile can be accounted 
as: 
(2) 
where llC is the salt storage change in the vertical soil profile, I,. CII" and Q Cq 
are the salt loads through irrigation and seepage, and Dr Cdr the salt disposal 
through drainage system. The solute concentration bas been expressed in 
mg/cm3• 
WATER MANAGEMENT RESPONSE INDICATORS 
Yield bas long been and is still perceived as the main indicator for evaluating 
the success of a water management strategy but is, however, unable to explain 
the long term changes in waterlogging and salinization induced from irrigation 
and drainage. Apart from yield, llW and llC, which describe a net drying! 
wetting (1lW) and salinization/desalinization (1lC) effect, also need to be given 
due weightage in justifying a certain water management practice. The concept of 
classical irrigation efficiency (Wolters, 1992) is, no doubt, quite useful for 
evaluating the advantages/disadvantages of irrigation by describing the water 
losses through soil and plant root system but it does not address the response of 
the vadose zone to the soil profile moisture and salt storage changes. For 
systematic and fast assessment of a certain water management scenario, use of 
suitable water management response indicators have been proposed 
(Bastiaanssen, 1993, Kumar et al., 1996). Two of such indicators viz., relative 
transpiration (RT = T../Tpoc) and salinity hazard index (Sm ... Actual soil 
salinity/Critical soil salinity) have been used in this study. Actual soil salinity is 
in fact the weighted root zone soil salinity averaged over the growing season. 
The critical soil salinity is the salinity at which crop yield reduction manifests. 
SWASALT: ON-FARM SIMULATION MODEL 
One dimensional physically based model SWATRE (Feddes et al., 1978 and 
Belmans et al., 1983) was taken as basis for the numerical water flow 
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experiments for present study. The working group at Hisar calls the model as 
SWASALT (Simulation of WAter and SALT). It is a versatile code and has 
proved its utility in various hydrological studies under widely varying climatic 
and agricultural conditions (The Netherlands: Feddes et al., 1988; Egypt: 
Feddes and Bastiaanssen, 1992; India: Kumar, 1994; Kumar et al., 1996; 
Kumar, 1998). It may be used for scheduling irrigation, designing drainage, 
assessing percolation, predicting long term waterlogging and/or salinization and 
transport of substances such as solutes, nitrogen and pesticides (Boesten and van 
der Linden, 1991). 
SWASALT simulates soil water flow in the unsaturated/saturated zone, based on 
Richards' equation and includes water uptake by roots in the form of a sink 
term. The sink term is a function of the potential transpiration rate T pot, rooting 
depth and the total suction head in the root zone h..,. (Feddes et al., 1978). The 
1" pot is obtained by bifurcating potential evapotranspiration ET pot into potential 
soil evaporation E,.,. and Tpot according to leaf area index LAI (Belmans et al .• 
1983): 
E,.,. = ETpot exp(-O.6 LAI) 
T pot = ET pot - E,.,. 
The hu.c is taken as a function of both matric pressure head (b",) and osmotic 
pressure head (h.J: 
h,oc = h", + E h.-
where E, an empirical crop dependent salinity sensitivity factor, has been 
included to reflect crop response to salinity (Bastiaanssen et al., 1996). 
Finally TIICt is estimated as: 





where a(h..,.), a sink term variable, is a function of h..,. and have values from 0 to 
1. Thus the effect of both water and salinity stress on ET is accounted. 
The model outputs daily water and salt balances, profiles of: soil water content, 
9l0lute concentration and pressure head, patterns of root water uptake and of flux 
divergence. The model simulations of the water and salt balances of the 
unsaturated zone can be used to support the field interpretations by: (i) 
quantifying the water and salt balances each day, (ii) predicting combinations of 
water and soU quality conditions for which field trials are not 
available/practicable. and (iii) studying the long term impact of variable 
Use of Saline Water for Irrigation 
irrigation and drainage regimes on soil environment. 
FIELD EXPERIMENTS 
Experiments on use of saline water with different combinations of canal and 
saline drainage water were conducted during 1989 to 1993 for the cereal crops 
of wheat and pear1mi1let. These experiments were carried out at the research 
farm of the Haryana Agricultural University at Hisar (India), where a tile 
drainage system is installed at an average depth of 2.70 m and at spacing of 24 
m. The irrigation water treatments selected were (i) Canal Water, CW (ii) Saline 
Water, SW (iii) canal water in Alternation with saline water, A W, and (iv) canal 
water Mixed with saline water in 1:1 ratio, MW. This paper discusses the 
complete annual cycles of wheat-pearlmillet rotations with various saline water 
treatments. The composition of the experimental loamy soil is presented in 
Table 1. 
Table 1: Soil Texture, Bulk Density (p.,), Saturation (0J and Residual (9,) 
Soil Moisture 
Depth Soil Sand Silt Clay Texture 9. 0 , Pb 
(em) layer (gmIcmJ) 
--per cent- (cmJ/emJ) 
0-20 I 46.5 23.6 29.9 sci 0.52 0.01 1.45 
20-80 n 37.9 45.8 16.3 0.42 0.00 1.46 
80-200 m 13.3 59.7 27.1 siel 0.42 0.01 1.44 
wherein sci abbreviates for sandy clay loam, I for loam and sicl for silly 
clay loam. 
The pF curves, estimated from van Genuchten et al. (1991) approach of the 
three loamy soil layers (Kumar, 1992) are presented in Fig. 1. In the freld 
preplant irrigation was applied with 8 em canal water while postplant irrigation, 
with different irrigation water treatments, was scheduled at IW/CPE ratio of 
0.9, IW being the depth of irrigation water fIXed at 6 em and CPE the 
cumulative pan evaporation. 
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Fig. I. pF Curve of the Reuse Experiment Soil Profile Layers 
LONG TERM SUMULATION STUDY 
Simulations for the extrapolation study were carried out, starting from the date 
of Wheat 1992-93 harvest (day 110/1993) to over a decade, in order to observe 
and compare the long term perfonnance of two extreme water quality 
management treatments of fresh (canal) water and saline (drainage) water. 
Simulations were also carried out for hypothetical high salinity waters, SW7 (7 
dS/m) and SWI4 (14 dS/m), besides for the actual marginal salinity (3.5 dS/m) 
drainage water from the field, SW3,5. Two modes of irrigation selected for 
present study were: i) Normal (UMI) with 8 cm preplant canal and 6 cm 
postplant saline water depths and ii) Heavier (UMJ with 12 em preplant canal 
and 10 cm postplant saline water depths. The calibration and validation study 
between model predictions and field observations was realised using the 1989-93 
reuse experiment data. The field observed water table depths, soil moisture 
content profiles, salinity profiles and crop yields could be compared 
satisfactorily with the model predicted values (Table 2). It may be noted that the 
yield was not simulated but estimated from the simulated relative transpiration 
values using crop response factors of 0.95 for pearlmillet and 1.1 for wheat 
(Doorenbos and Kassam, 1979). The soil and plant water relationships, thus 
calibrated during the 1- year (1989-90) and validated for the next three years 
(1990-93) of the reuse field experiment (Kumar, 1994; Kumar et al., 1996), 
were kept as such for the extrapolation study as per the norms of simulation 
process. 
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Table 2. Calibration and validation results for the experimental period of 
1989-93 
Treatment Year/C W~mhlr< SoilmQismm SojJ silinitt Yield 
rop difference 
(tonlha) 
n SEE n SEE n SEE 
(m) (cm3/cm3) (gIl) 
CW WH-90 15 0.08 8 0.011 8 0.98 0.82 
SW WH-90 15 0.08 8 0.007 8 1.77 0.29 
CW PM-90 8 0.30 8 0.036 8 0.80 0.18 
SW PM-90 8 0.30 8 0.031 8 1.71 0.16 
CW WH·91 15 0.18 8 0.011 3 0.81 0.52 
SW WH-91 15 0.17 8 0.013 3 1.25 0.15 
CW PM-91 6 0.07 12 0.034 9 1.17 0.13 
SW PM-91 6 0.09 12 0.034 9 1.92 0.12 
CW WH·93 11 0.21 28 0.017 15 1.45 0.12 
SW WH·93 11 0.30 28 0.023 15 2.05 0.03 
CW PM-93 68 0.19 64 0.023 43 1.25 -
SW PM-93 68 0.20 64 0.025 43 1.83 -
Average 0.18 0.022 1.42 0.25 
where WH represent wheat, PM the pearlmillet, n the number of 
observations, SEE the standard error of estimate, CW the canal water 
and SW the saline drainage water of 3.5 dSlm. 
INTERPRETATION OF THE RESULTS 
The annual complete cycles for 15d1 year of simulation, comprising of wheat and 
pearlmillet rotation, have been considered for analysing and discussing the 
results obtained. Water management response indicators (WMRI) of relative 
transpiration, salinity hazard index and the grain yield have been presented in 
Tables 3 and 4 with both irrigation modes for wheat and pearlmi1let crops. 
Results of 1989-90, the first year of experimentation, have also been included so 
as to facilitate comparison. The trend of different water management response 
indicators (Tables 3 and 4) foretell the danger of using saline water continuously 
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over prolonged periods of over 14 years under normal irrigation (!MI). The 
salinity hazard index was inflated by 92 to 99% and stood at unsafe and 
dangerous level of2.1 for the wheat and pearlmillet crops during the final (15~ 
year of simulation for 7 dS/m water, compared to the near target value of almost 
1 for canal water (0.3 dS/m) in the frrst (reference) year of 1989-90. 
Consequently, relative transpiration registered a decline of about 40% for wheat 
and pearlmillet, resulting into quite poor grain yields of 37 and 18 qlba for these 
crops, compared to 62 and 31 q/ha obtained from canal water in 1989-90. 
Continuous use of still poorer quality (14 dS/m) water further suppressed the 
crop transpiration by 20% over 7 dS/m water, culminating into very poor grain 
yields of 24.5 (wheat) and 13.3 qlba (pearl millet) in the final year of present 
study. The salinity hazard index elevated to quite alarming value of 2.7 for these 
cereal crops with a phenomenal in:rease of about 150%. However, irrigation 
waters of marginal salinity (SW3.,) could produce reasonable yields of about 46 
and 22 qlba for wheat and pearl millet despite being applied continuously for 
over 14 years since 1989-90 and need not be forbidden as such (Tables 3 and 4). 
These extrapolated results strongly suggest that the continued and prolonged use 
of waters of salinity 7 dS/m and greater should be forbidden on such medium to 
heavy textured soils under normal irrigation (preplant CW with 8 cm and 
postplant SW with 6 cm). 
Table 3: Relative Transpiration (RT), Salinity Hazard Index (SHI) and 
Grain Yield ~lha2 for Wheat 





CW SW3., CW SW3., SW7 SWI4 
IMI 0.88 0.86 0.81 0.66 0.53 0.35 
1M2 0.84 0.68 0.43 
IMI 1.08 1.14 1.28 1.67 2.07 2.66 
1M2 1.28 1.68 2.33 
IMI 61.50 60.10 56.6 46.1 37.0 24.5 
1M2 59.4 47.5 30.0 
where 1M, is preplant CW irrigation of 8 em and postplant SW irrigation 
of 6 cm and 1M2 the preplant CW irrigation of 12 em and postplant SW 
irrigation of 10 cm. Reference year refer to the first year offield 
experiments. 
However, when irrigation applied was at greater depths under mode 1M2 with 
these varying salinity waters, both the relative transpiration and salinity hazard 
index were improved considerably because of improved salt leaching. 
Consequently, crop yields were also improved. Marginal salinity water (SW].,) 
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expectedly, affected largest improvement and the yields were enhanced by 31 % 
(46.1 ~ 59.4 qlba) and 23% (21.6 ~ 26.6 q/ha) for wheat and pearlmillet over 
those under normal irrigation, with 29 and 21 % improvement in salinity hazard. 
Even with moderately saline water SW7, leaching was quite satisfactory under 
heavier irrigation so as to cause a decline of 19 and 15% in sm and an incline 
of 28 and 19% in RT for the two crops, with enhanced grain yields (37 ~ 47.5 
qlba: wheat and 17.6 ~ 21 qlba: millet). Water of higher salinity (14 dS/m, 
SW.J, however, had little effect in reducing soil salinity and enhancing crop 
transpiration and yields (Tables 3 and 4) even under heavier application mode. 
Table 4. Relative Transpiration (RT), Salinity Hazard Index (SHI) and 
Grain Yield ~Iba) for Pearlmillet 





CW SW3.S CW SWJ .5 SW7 SWI4 
1M. 0.92 0.89 0.81 0.65 0.53 0.40 
1M2 0.80 0.63 0.44 
1M. 1.05 1.14 1.28 1.70 2.09 2.70 
1M2 1.35 1.77 2.46 
1M. 30.60 29.60 26.9 21.6 17.6 13.3 
1M2 26.6 21.0 14.6 
where IMJ is pre plant CW irrigation of 8 em and postplant SW irrigation 
of 6 cm and 1M2 the preplant CW irrigation of 12 em and postplant sw 
irrigation of 10 cm. Reference year refer to the first year offield 
experiments. 
These long term simulations indicate the possibility of prolonged application of 
even moderately saline waters (upto 7 dS/m) on such medium to heavy textured 
but drained soils with heavier irrigations for achieving still reasonably good 
yields of about 48 and 21 q/ha for wheat and pearl millet crops even after over 
14 years of continuous use (Tables 3 and 4). It may be recalled that almost 
similar simulated wheat and pearlmillet crop yields (46 and 22 qlha) were 
realized from continuously applying marginally saline water (3.5 dS/m) for over 
14 years under normal irrigation mode. 
Thus, continued and prolonged application of marginally saline water (3.5 
dS/m) under normal irrigation (1M.) and even of moderately saline water (7 
dS/m) under heavier irrigation (lMJ, on such medium to heavy soils but with a 
sub-surface drainage system, need not be forbidden since reasonably good yields 
(46-48 and 21-22 qlba) could still be achieved for wheat and pearlmillet even in 
IS· year. For highly saline water of 14 dS/m such long term continuous use, 
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however, need to be restricted on such soils where even the heavier irrigation 
failed to elevate crop transpiration and depress salinity hazard to any noteworthy 
levels, with crop yields remaining below 30 and 15 qlha. 
Table 5: Solute influx (through irrigation, Irr Cit, and seepage, Q CQ) and 
outflux (through drainage, Dr CDr) rates, drainage water salinity 
(CDr=DrColDr)' soil profIle salinity in 0-100 cm (C,og) and water 
table depth (W 1) during final 15* year of simulation 
Parameters Irrigation CW SWu SW, SW'4 
mode 
lIT C", (tlha) 1M, 0.9 7.6 15.3 30.3 
1M2 12.6 25.4 50.5 
D,CDr 1M, 7.3 11.5 17.2 30.1 
(t/ha) 1M2 18.7 30.3 54.9 
CDr' 1M, 3.6 4.5 5.7 8.5 
(dS/m) IMl 5.6 7.6 11.6 
CUlO 1M, 8.8 11.6 13.7 17.4 
(dS/m) 1M2 9.3 12.0 16.5 
WT 1M, 2.2 2.1 2.0 1.9 
(m) 1M2 2.0 1.9 1.7 
QCQ = 7.85 tIha, average constant flux provided specified for all cases 
where 1M/ presents preplanl CW irrigation of 8 em and postplanl SW 
irrigation of 6 em, 1M2 preplanl CW irrigation of 12 em and postplanl 
SW irrigation of 10 em, and ell» and W T present the averaged values 
for the final simuklJed year 
Average constant flux, provided as an input for calibrating and validating the 
model in order to closely compute the groundwater table, was kept as such 
during extrapolation studies (solutes seeping at steady 7.85 tIhaIyr, Table 5). 
The reason was that the present study fields, located at the edge of the sub-
surface drainage system, were directly in contact with adjoining high water table 
fields without such drainage facility. Under such typical boundary effects, 
seepage influx plays crucial role in salt balance, compared to the situation where 
fields are located within a drainage system. That was why the solute influx 
(through irrigation and seepage) exceeded the outflux (through drainage) and 
even in case of canal water irrigation about 1.5 ton salts were added per annum 
per hectare. The mystery of the declining relative transpiration (0.9 down to 
0.8) and crop yields (down by 4-5 qlba) on prolonged use of even non-saline 
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water is, thus, unfolded. Salt accumulation was at higher rates of 4, 6 and 8 
tJlWyr when saline waters of 3.5,7.0 and 14.0 dS/m were used over 14 
simulated years under normal irrigation. As the irrigation depth was increased 
under 1M2 mode, salt leaching became more effective, with rates of salt 
accumulation being reduced by almost half to 1.8, 3 and 3.5 Uhalyr (Table 5). 
Simulated use of highly saline water (14 dS/m) for over 14 years left behinda 
drainage effluent of 8.5 dS/m under nonnal irrigation which further aggravated 
to 11.6 dS/m under heavier irrigation mode. For less saline waters (7.0 and 3.5 
dS/m) these values were 5.7 and 4.5 dS/m under normal irrigation (1M, mode), 
and 7.6 and 5.7 dS/m under heavier irrigation 1M2 (Table 5). The moderate 
quality (7.6 dS/m) of the drainage effluent from continuous application of the 
moderately saline water (7 dS/m) over 14 years indicates sustainability in its 
use, of course under heavier irrigation mode. During the 15'" year of 
simulations, soil profile salinity CillO (averaged over 0-1 m) was quite high at 
17.4 dS/m for 14 dS/m water even under greater irrigation depths of 12 em 
whereas for other less saline waters SW7 and SWJ.s, it was 12 and 9 dS/m. The 
water table stood at 2.2 m under canal water irrigation during 15'" simulated 
year and at 2, 1.9 and 1.7 m for 3.5,7 and 14 dS/m waters (under heavier 
irrigation) but still well below the root zone and safe for waters of marginal to 
moderate salinity (SWJ.s and SW7). It is interesting to note that the increased 
water application depth of 24 cm under heavier irrigation, over the normal, is 
only 4 cm in non-saline water but 20 cm in saline water. The scenario appears 
very attractive because it would help reduce the load both on the demand of 
decreasingly available fresh water and on the disposal of increasingly available 
saline water. But for effective leaching with heavy irrigatiOns, good soil 
drainage, either natural or ~fIcial, is however a must. 
CONCLUSIONS 
The performance of even good quality water did worsen a little because of the 
dominance of seepage term owing to the situation of the present study fields 
being on the edge of a sub-surface drainage system, directly in contact with 
adjoining high water table fields (without such a facility). The salt influx 
resulting from seepage proved quite crucial for the soil water-salt balance and 
affected all the water quality treatments. Thus the soil water and solute balance 
may behave less favourably for such edge-situated fields as compared to the 
fields lying within a sub-surface drainage system. 
The present simulation study indicated that the prolonged use of high salinity 
waters (EC ~ 7 dS/m) with normal irrigation should be restricted on medium to 
heavy textured soils in semi-arid areas because increasing salinity in these 
waters proved detrimental to the relative transpiration and eventually to the 
grain yield. Long term use of such saline waters, under normal irrigation, 
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inflated the salinity hazard alarmingly (92 to 160%) and suppressed the crop 
transpiration critically (40 to 60%). Consequently, wheat and pearl millet crop 
yields were down to 37.0 and 17.6 qlba for 7 dS/m water and to merely 24.5 
and 13.3 qlba for 14 dS/m water during the fmal (simulated) 15111 year, 
compared to 61.5 and 30.6 qlba realized fonn canal water application during the 
first (reference) year of field experimentation on reuse of saline (drainage) 
water. 
However, the continued and prolonged use of marginally saline water (BC = 
3.5 dS/m) under normal irrigation (8 cm canal water pre- and 6 cm saline water 
postplant depths) and even of moderately saline water (BC = 7 dS/m) under 
heavier irrigation (12 cm canal pre- and 10 cm saline postplant), on such 
medium to heavy soils but with a sub-surface drainage system, need not be 
forbidden since reasonably good crop yields could still be obtained in the range 
of 46-48 and 21-22 qlba for wheat and pearlmillet crops. But for highly saline 
waters (EC ~ 14 dS/m) such long tenn use needs to be restricted on such soils in 
semi-arid areas where even the heavier amounts of irrigation failed to elevate 
crop transpiration and depress salinity hazard to any noteworthy levels, the crop 
yields remaining below 30 (wheat) and 15 qlba (pearlmillet). Besides low crop 
yields, another disturbing scenario is the alarmingly high salinity developed both 
in the drainage effluent (12 dS/m) and also in the root zone soil proftle (17 
dS/m) during the 15111 year of present simulation study. 
After continuous simulated application of moderately saline, 7 dS/m, water for 
over 14 years, moderate quality of the drainage effluent of7.6 dS/m indicates 
the feasibility of its sustainable reuse under heavier irrigation. Interestingly, the 
increased water irrigation depth of 24 cm, in excess over the normal irrigation, 
is just 4 cm in fresh water but a good 20 cm in saline water, thereby utilizing 
less of highly competitive fresh water but more and more of the increasingly 
available saline water. 
Similar long tenn simulations are being carried out further with irrigation depths 
of 10 cm (for the present 12 cm) of preplant fresb water and 12 em (for the 
present 10 cm) ofpostplant saline water so as to explore the attractive potential 
of utilizing saline ground/drainage waters so as to help reduce the load on the 
disposal of drainage effluent and check water table rise and soil salinization in 
the areas underlain by saline groud water. 
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HYDRODYNAMIC MODELING TO OPTIMIZE 
IRRIGATION EFFICIENCY 
Jeffrey J. Anderson' 
ABSTRACT 
J. C. Guitjens2 
The two-dimensional, hydrodynamic model HYDRUS-2D is used to simulate 
irrigation schedules for an alfalfa crop over the length of a growing season. The 
objective is to evaluate current practices in order to produce management 
alternatives that reduce irrigation drainage. 
HYDRUS-2D uses a fmite element technique that numerically solves the 
Richards equation for water movement in variably saturated media. The model is 
calibrated by comparing its output to actual field data collected from an 
instrumented plot at the Newlands Agricultural Research Center in Fallon. 
Nevada. The simulation's scope is applied to a vertical cross-sectional study area, 
21.95 m in depth by 18.50 m in width, representing half of the spacing between 
two parallel drains. The soil proflle contains one drain and three piezometers 
below it. An accurate model of the site's layered soil profile is developed by 
selecting soil parameters that produce acceptable agreement between actual and 
modeled drain discharge values, as well as, root mean square error between 
piezometric pressure heads. 
The following ratio is used to determine what portion of the water leaving the soil 
profile is consumed by evapotranspiration, 
where Dct is the depth of water used by evapotranspiration and Dd is the depth of 
drainage water. Optimal results are achieved as the ratio approaches one. Using 
short, 24-hour intervals indicates how the ratio behaves on a daily basis during 
irrigation cycles and provides insight into ways to modify standard irrigation 
practices to create a more efficient management alternative. 
'Jeffrey J. Anderson. Graduate Student, University of Nevada Reno, 1000 Valley 
Rd. Reno, NV 89512-0013, email: jeferwho@hotmail.com 
2J.C. Guitjens, Professor ofIrrigation Engineering, University of Nevada Reno, 
1000 Valley Rd. Reno, NV 89512-0013, email: guitjens@unr.edu 
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INTRODUCTION 
Irrigation is the primary water consumer in Nevada, responsible for using as much 
as 83.2% of the state's water resources annually (Coboum, 1992). A large portion 
of this water is not used beneficially by crops, but instead is lost to canal seepage 
and deep drainage in the field. Legislative reform, industrial growth, and a 
swelling population continue to increase the demands on water resources. Since 
agriculture is not only the largest water user but also returns irrigation drainage, it 
is critical that more efficient means of canal delivery and irrigation management 
be developed in order to spread the finite amount of water to an increasing 
number of concerns. The Bureau of Reclamation has a program aimed at 
reducing canal seepage, but irrigators receive no organized support to consider 
technologies that can advance water conservation through management (Guitjens, 
1999). This paper is aimed at helping managers by explaining how the 
HYDRUS-2D software package can be used to quantify the hydrodynamics 
involved in the irrigation-drainage relationship. It is hoped that managers could 
utilize the protocol described in this paper to improve their own management 
decisions. 
OBJECTIVES 
The objectives are to illustrate the usefulness ofHYDRUS-2D for: (I) developing 
a calibrated, hydrodynamic, irrigation-drainage model which can then be used to 
(2) evaluate a previous year's irrigation schedule and then employed (3) to 
generate management alternatives with reduced drainage. 
BACKGROUND 
The study site which was modeled is located at the Newlands Argicultural 
Research Center (NARC), part of the Newlands Project in Churchill County of 
West Central Nevada (Fig. 1). The Newlands Project is one of the oldest 
irrigation projects authorized under the Reclamation Act of 1902. Water is 
diverted from the Truckee and Carson Rivers to irrigate about 65,000 acres of the 
Carson Desert (Clark, 1995). It has been suggested that 35% of the diverted river 
water is lost to canal seepage before reaching the field, then another 35% of the 
remaining water is lost to drainage after irrigation (Guitjens, 1999). Early in the 
history of the project irrigation began raising the water table which eventually 
encroached on the root zone, decreasing yields. To maintain an unsaturated root 
zone it was necessary to install a network of ditch drains throughout the project; 
the drains conduct water from the fields, through a series of ditches to low lying 






'* = NARC Site 
Fig. 1. Fallon Area with NARC Site (Trionfante and Peltz, 1994) 
The infiltration through the saline soils of the Carson Desert fills the marshes with 
drainage water of poor quality. The water's concentration increases from 240 
mgIL prior to irrigation to 600 - 3,000 mgIL after drainage, a 2.5- to l2.5-fold 
increase (Rowe et al., 1991). For comparison, water with concentrations greater 
than 1000 mgIL may be harmful to sensitive crops and is considered unfit for 
human consumption (Hoffinan, 1994). To intensify the problem Operating 
Criteria and Procedures (OCAP) were implemented between 1977-88. The goal 
of these court ordered rules is to ensure the efficient management of water for the 
Newlands Irrigation Project by maximizing the use of the Carson River while 
reducing the contribution of the Truckee River. The execution of the OCAP 
increased project efficiency by decreasing the quantity of water delivered to the 
distribution system. Consequently the amount of water reaching the wetlands 
decreased, this ultimately led to a 50% reduction in wetland size, and a four- to 
seven-fold increase in average dissolved-solids concentrations in the drainwater 
(Hoffinan, 1994). 
The highly concentrated drainwater is believed to be responsible for the large loss 
of emergent and submergent vegetation in the Stillwater and Carson Lake 
wetlands. The loss of these primary producers, has had a negative effect on 
higher trophic levels, both in terms of loss in nesting and cover habitat, and in the 
loss offood supply. During the past three decades, Federal and State wildlife 
biologists have observed that migratory waterfowl have decreased in kind and 
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number while disease has increased in the population (Hoffman. 1994; Clark, 
1995). 
In 1990 the Truckee-Carson-Pyramid Lake Water Rights Settlement Act was 
passed by Congress and enacted to restore wetland ecosystems, like the Stillwater 
National Wildlife Refuge. The act authorized the purchase ofwater rights from 
agriculture lands to be used to dilute the saline waters which had been created in 
the wetlands (WHSRN, 1999). By 1995, over 10,000 acre-feet of water had been 
purchased for transfer to the refuge, these purchases continue from willing 
fanners (Clark. 1995). 
The purchase of agricultural water rights, coupled with the water needs of a 
growing population and industrial sector puts the future of fanning in Churchill 
Country in question. Experience indicates that the Stillwater wetlands will 
flourish when supplied with adequate freshwater to dilute saline drainwater. 
Agriculture can survive and contribute to this goal by focusing on water 
conservation through drainage reduction. Ayers and Meek (1994) showed that the 
salt mass discharge decreased in rough proportion to decreased drainwater 
volumes, thus improving irrigation efficiency ultimately reduces the salt load 
reaching the wetlands. Improved efficiency will also conserve fresh water, which 
could be used for dilution if it is allowed to enter the wetlands directly. . 
METIIODS 
Study Area 
Figure 1 shows that NARC is located in the Lahontan Valley, part of the Carson 
Desert of West Central Nevada The region is a mid-latitude desert with cold 
winters and hot summers. M~ annual precipitation is roughly 13 em per year 
with the majority falling during the winter months, temperature ranges from 
_32°C to 41 DC with an average of 10.4DC and the elevation is approximately 
1,190 m (Newton, 1998). 
Hydrogeologic Setting: The Quaternary sediments (Fig. 2) in the Carson Desert 
were derived from the surrounding fault block mountains composed 
predominantly of Late Tertiary olivine-basalts, rhyolites, andesites, rhyodacites, 
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Fig. 2 Geologic Map of Fallon Area (modified from 
Willden and Speed, 1974 and Faulkner. 1996) 
Glancy (1986) divided the subsurface into four distinct aquifers (Fig. 3) based on 
differences in water-chemistry and variations in the hydraulic properties of the 
aquifer materials. A shallow alluvial aquifer extends from the land surface to a 
depth of about 50 feet, an intennediate-depth alluvial aquifer extends from 50 feet 
to depths of between 500 to 1,000 feet, and a deep-alluvial aquifer underlies the 
intermediate aquifer. The fourth aquifer is a mushroom shaped basalt formation 
which exists within the alluvial aquifers and is exposed to the surface at 
Rattlesnake Hill. All four aquifers respond to stresses independently over the 
short term due to their varying hydrologic characteristics. Over the long term 
these units are hydrologicaJly interdependent revealing an interconnected nature 
of their transmissive zones, thus the subsurface can be thought of as an aquifer 
system over the long term. Due to the lack of precipitation, recharge to the 
aquifer system is mainly accomplished by the infiltration of irrigation water and 
canal seepage. 
Fig. 3. Hydrogeologic cross-section of study area (Faulkner, 1996) 
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Site Description: Field data were collected at NARC from a 22-acre field 
equipped with a series of 15 lateral, tile drains installed two meters below the 
ground surface and 37 meters apart (Fig. 4). Raised dirt borders exist above each 
drain lateral and allow flood irrigation events to occur from north to south. 
Borders are absent near the main drain to allow excess water to runoff toward the 
east. During 1992 alfalfa was grown in the field and pressure head data were 
collected from piezometers near the midpoint of each drain. Flows were 
monitored from each of the lateral drains through an access hole. Bore logs from 
five locations across the length of the field show a layered soil profile containing 
various mixtures of sand, silt and clay (Mathis 1995). Guitjens (1992) described 
the soil's available water storage capacity as ranging in general from 9 to 13%, 
although in very sandy areas the capacity dropped to between 4 and 6%. Pohll 
(1993) conducted slug tests to detennine the effective hydraulic conductivi~ of 
the profile to be approximately 3.23xl0·) mlday with a variance of 1.72xl0· 
m2/dayl. No infonnation on the conductivity of individual layers is available to 
date. Pohll and Guitjens (1994) show that a small (0.001) regional gradient exists 
across the field, although it is dominated by the local gradient to drains in the time 
immediately following an irrigation event. Precipitation, irrigation amounts, 
Class-A pan evaporation, and wind data were also collected, however, no 
measurement of surface runoff between borders was made. 
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o Piezometer Nest 
• Drain #5 Piezometer Nest 
* Soil Bore Location 
* Soil Bore #4 Location 
• Access Hole 
o Sump 
Fig. 4. Site Plan of NARC 
Hydrodynamic Modeling 
Modeling Procedure 
The modeling procedure requires the adoption of a systematic protocol; Fig. 5 












Results and Discussion 
A. Evaluate 1987 Irrigation Schedule 
B. Develop Management Alternatives 
Fig. S. Flow Chart of Modeling Protocol 
(Adapted from Anderson and Woessner, 1992) 
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Conceptual Model: Once the purpose of the project is detennined a conceptual 
model (Fig. 6) swnmarizes the key elements, present in the field and acts as a link 
to the computer model. 
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The area of interest is limited to a vertical cross-section adjacent to drain #5 with 
the dimensions of21.95 m in depth by 18.50 m in width. This cross-section 
represents a half drain spacing and assumes a mirror image to the left of the drain. 
Drain #5 extends from 190-200 cm below the surface. Below the drain there are 
three piezometers at the depths of216 cm, 320 em and 412 em, respectively. · 
Nine different subregions are included, the main horizons (1-8) match the 
materials and depths described in the log from bore hole #4 (Mathis, 1995). The 
ninth sub-region represents the drain envelope material that is commonly laid 
around tile drains at the time of insta11ation. The alfalfa root zone is set to a depth 
ofl30cm. 
Hydrodynamic Modeling 
Recharge is accomplished by precipitation and irrigation events. Water leaves the 
profile as either evapotranspiration (ET) at the atmospheric boundary or drainage 
through the tile drain. Surface runoff occurs when the HYDRUS-2D simulation is 
unable to accept the full precipitation-irrigation event within a 12-hour period of 
model time. The vertical sides and bottom are all no flux boundaries. Note that 
the small regional gradient described by Pohll and Guitjens (1994) has been left 
out of the conceptual model since HYDRUS-2D is not designed to handle this. 
This simplification is considered allowable since the local gradient towards the 
drain would dominate the regional gradient during the irrigation season. The 
local gradient during the irrigation season is towards the drain, and a local water-
divide exists at the mid-point between drains. The slope of the local gradient 
increases when moving radially toward the drain (Schwab et aI., 1996). ET is 
assumed to occur only during daylight hours, while drainage may occur 24 hours 
each day. The ET of the alfalfa crop is quantified by multiplying a variable crop 
coefficient (Rashedi, 1983) by the reference ET, which is derived from Class A 
pan evaporation data and pan coefficients which are a function of wind speed and 
relative humidity (Doorenbos and Pruitt, 1977). 
Mathematical Model: The two-dimensional, isothermal Darcian flow of water in 
variably saturated rigid porous medium can be described using the following 
fonnulation of Richards' equation: 
00 =.2.. [K (KAj Oh + KAiJ] - S (1) 
at Oxj Oxj 
where 9 is the volumetric water content \cml/cml), h is the pressure head (cm), S 
is a sink tenn for evapotranspiration (cm Ihr), Xj (i= 1,2) are the spatial coordinates 
(cm), t is time (hrs), KAij and KAjz are components of a dimensionless anisotropy 
tensor KA, and K is the unsaturated, hydraulic conductivity function (cm/sec) 
given by, 
K(h,x,z) = K,(x,z) K.(h,x,z) (2) 
where K, is the relative conductivity and K, the saturated hydraulic conductivity 
(cm/hr). HYDRUS-2D version 1.0 (Simunek et aI., 1996), a finite element code 
which solves (1), was used for this project. This program has been verified 
widely and was not modified for this research. 
Model Design: HYDRUS-2D includes a geometry module that was used to create 
the exterior and interior boundaries (Fig. 7). MESHGEN, the HYDRUS-2D finite 
element mesh generator, was used to create a grid with 3,989 points, 7,714 
triangles and 11,762 edges (Fig. 8). The density of the grid was increased in the 
area near the drain, by increasing the number of points on the line derming the 
drain envelope (Fig. 9). 
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Fig. 7. Profile Showing Boundaries Created in HYDRUS-2D 
Geometry Module (1,850 cm wide x 2,195 cm deep) 
Fig. 8. Finite Element Grid Generated by the MESHGEN Module. 
Fig. 9. Enlargement of the Grid in the Vicinity of the Drain 
(notice the increased density within the drain envelope boundary) 
The boundary module was used to define the boundary types. The surface is an 
atmospheric boundary, the drain a seepage face, while the sides and bottom of the 
Hydrodynamic Modeling 
profile are no flux boundaries. The 130 cm root distribution of the conceptual 
model varied between liS-ISO cm in the computer model due to the irregular way 
the mesh elements fit together. The initial pressure head was set to zero at a depth 
of 130 cm and increased linearly to 2,065 cm at the bottom of the profile. In order 
to obtain the gradient towards the drain, the profile was allowed to drain for 120 
hours before any irrigation was simulated. The piezometer locations were made 
observation nodes in the mesh, this provided pressure head values to compare 
simulation output to field data. 
Calibration: The model used for calibration implemented the irrigation schedule 
and ET field data from the 1992 growing season to create a time variable 
boundary table with 243 entries. All precipitation-irrigation events and daily ET 
amounts are entered in HYDRUS-2D as a unit width, hourly flux with the units 
cmlhour. Daily totals for recharge and ET were divided by 12 hours, to create an 
hourly flux which would apply, or remove, the correct amount of water during 
daylight hours only. If the HYDRUS-2D simulation was unable to accept the total 
amount of recharge in that 12-hour period, the difference was assumed to be 
surface runoff and the recharge amount was less than the application amount 
according to the irrigation schedule. 
The 1992 season was selected for calibration since piezometer and drainflow data 
had been collected during that period. Modeled pressure heads were compared to 
field values, collected from the drain #5 piezometer nest using a root mean square 
error (RMSE) technique, 
(3) 
where, n is the number of field piezometer readings, 11m is the field measured 
pressure head and II, is the simulated pressure head. Simulation and field measured 
drain flows were also compared as part of the calibration process. The model . 
simulated 3,000 hours, from April 13th to August 10th, which represents the time 
when piezometer and drain-flow data were collected. Table I summarizes how the 
model time was discretized. note the default settings were used for the time step 
control. The iteration criteria that were used are shown in Table 2, only maximum 
number of iterations was increased from the default settings, as this gave the 
program a greater flexibility in reaching convergence. 
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Table 2. Iteration Criteria Summary 
Maximum Number ofIterations 20 
Water Content Tolerance 0.0001 
Pressure Head Tolerance 0.1 
Lower Optimal Iteration Range 3 
Upper Optimal Iteration Range 7 
Lower Time Step Multiplication Factor 1.3 
Upper Time Step Multiplication Factor 0.7 
Initial soil types, matching the descriptions used in the log for soil bore #4, were 
chosen from the entries in the HYDRUS-2D, soil catalog. Each soil type in the 
catalog has default values, within an accepted range, for its hydraulic properties. 
The model was calibrated by varying the soil type of the horizons until the RMSE 
for pressure head was minimized. 
HYDRUS-2D incorporates the use of Feddes Parameters (Feddes et al, 1978) to 
determine root water uptake. Using the default Feddes' values the actual ET 
values did not match the values calculated by the conceptual model. Since the 
conceptual technique is specific to alfalfa, the Feddes' parameters were adjusted 
until the modeled ET equaled the conceptual figures. Changes in the Feddes' 
parameters are summarized in Fig. 10 and Table 3. 
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Fig. 10. Comparison of Default Feddes' Parameter Values with the Values which 
Allowed the Conceptual ET to be Obtained in the Model. 
Hydrodynamic Modeling 
Table 3. Data Table Used to Create Fig. 10, where: Po is the pressure head below 
which roots start to extract water from the soil, PI is the pressure head 
value below which roots start to extract water at the maximum possible 
rate, P2 is the pressure head below which roots can no longer extract 
water at the maximum rate, PJ is the pressure head at which root water 
uptake ceases, also known as the wilting point. All values in cm. 
Conceotual Default 
p .. 300 0 
P 200 -100 
P. -15000 -1000 
P. -17000 -17000 
The calibration results are shown in Fig. 11 and Fig. 12. The average RMSE for 
pressure heads (15.0 em) was obtained using the soils shown in Table 4, these 
match the soil bore log closely. The average of the 14 collected field drain flows 
was 4.2 Umin. within an order of magnitude of the modeled average ofS.? 
Umin. Some error in flows was expected due to the difference in the way field 
values were derived, compared to the model. The field drainflow was measured 
from the access hole (see Fig. 4) at the end of a drain #5, which collected water 
over the entire drain-lateral length. In contrast, the two-dimensional model 
calculated the seepage face flux only along a unit drain length. To compare field 
data with the modeled results an assumption was made that the seepage face flux 
represented the average flux for a unit length. Soil heterogenuity makes it 
improbable that infiltration rates would be constant on a field-scale, hence the 
flow into the drain along each unit length would vary and it is possible that the 
modeled cross-sectional flux would not be representational of the average. Since 
the field measures 162 m from north to south a small deviation from the average 
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Fig. II. RMSE comparing modeled & field pressure heads 
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Fig. 12. Comparison of modeled and field drain flows 
Table 4. List of Soil Material and Parameters Used in Calibrated Model. 
Qr = residual water content, QI = saturated Water Content, 
K. = saturated hydraulic conductivity 
Laver Soil Type Or O. K.(cmlhr) 
1 Sand 0.045 0.43 29.7 
2 Silt Loam 0.034 0.46 0.25 
3 Sand 0.045 0.43 29.7 
4 SandvLoam 0.065 0.41 4.4208 
5 Sand 0.045 0.43 29.7 
6 Clay 0.070 0.36 0.02 
7 Clay Loam 0.100 0.39 1.31 
8 SandvLoam 0.065 0.41 4.4208 
9 Sand 0.045 0.43 29.7 
Figure 12 shows the modeled drainflow is generally greater than the field flow, 
especially at later time. In water balance tenos this indicates that either the ET 
schedule values were not large enough or that the modeled recharge was over 
estimated. The ET schedule is considered reliable since it was based on direct 
Class A pan measurements and alfalfa crop coefficients developed specifically for 
the study site (Rashedi, 1983). The weakness seems to be in the amount of water 
allowed to infiltrate within the model. The geometry of the field allows wate'r to 
run off the south end ofan irrigation border. Anecdotal evidence supports the 
notion that the entire amount of water that was applied according to the irrigation 
schedule would not have entered the profile, unfortunately no measurements of 
surface runoff exist to adjW!t the irrigation amounts. The sensitivity analysis (Fig. 
15) shows that an average drainflow of 4.8 Umin can be obtained in the model 
when the irrigation amount is reduced to 9()01o of the original amount. A 10% 
reduction in the irrigation amounts only produced a slight increase in the RMSE 
for pressure heads (from 14.5 cm to 17.5 cm). 
Hydrodynamic Modeling 
Sensitivity Analysis: Additional simulations were run to check the sensitivity of 
the calibrated model to changes in ET and irrigation amounts. Figures 13-16 
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Fig. 14. RMSE for four Dctlevels 
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Fig. 15. Observed Drain Discharge Compared to Simulated 
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Fig. 16. Observed Drain Discharge Compared to Simulated 
Values for Four Dct Levels 
Results and Discussion: Once a calibrated model is obtained it can be used to 
evaluate the efficiency of a previous year's irrigation schedule. This is done by 
inputting the appropriate time variable boundary information including an 
irrigation schedule, precipitation records and Class A pan based ET data. For this 
research 1987 was chosen because during that year half of the NARC field was 
sprinkler irrigated while the other half was flood irrigated. Simulating each of 
these schedules allows comparison between two common methods of irrigation. 
The simulations each modeled 5,316 hours, representing a full growing season 
from February 26th to September 30th• The actual atmospheric flux used in each 
simulation are shown in Fig. 17. 
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Fig.l7. Atmospheric Fluxes for Simulations of the 1987 Flood (left) and 
Sprinkler (right) Irrigation Schedules. 
For the purposes of this research, efficiency is judged with the following ratio, 
(4) 
where Oct is the depth of water used by evapotranspiration and Dd is the depth of 
drainage water. The ratio only is valid when no surface runoff occurs. The 
quantity Oct represents the water used beneficially by the plant, while (Oct + Dd) 
delineates the total amount of water depleted from the soil. Optimal results are 
achieved as the ratio approaches one. Using short, 24-hour intervals indicates 
how the ratio behaves on a daily basis during irrigation cycles and provides 
insight into ways to modify standard irrigation practices to create a more efficient 
management alternative. 
The cumulative atmospheric fluxes from the irrigation schedules were compared 
with the cumulative fluxes crossing the boundary within each simulation. The 
flood simulation accepted the entire amount (134.6 cm) of water that was applied. 
In contrast, at four separate times the sprinkler simulation profile did not accept 
all of the applied water and surface runoff occurred (Fig. 18). The total depth of 
water applied using the sprinkler schedule was 238.8 cm. of which 6.6 cm went to 
runoff. 
o 1000 _ _ 4000 ~ 
TIme Chou,.) 
Fig. 18. Cumulative Surface Runoff Occurring During the 
1987 Sprinkler Irrigation Simulation. 
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Before the efficiency of a simulation can be calculated and graphed on a daily 
basis the HYDRUS-2D output file l'_mean.out must be modified. Using a 
spreadsheet program Dj, Det and Dd for each iteration can be calculated by 
multiplying l'Atm. l'Root and l'Seep respectively by the time elapsed since the last 
iteration. Adding each Dj value to the ones before it provides a cumulative total 
of Dj for each time step. The same is done with Dct and Dd. To calculate the 
efficiency ratio on a daily basis the only values that are important are the 
cwnulative totals for each 24-hour increment. Manually separating these values is 
time conswning, but a short FORTRAN program speeds the process greatly. The 
program used to sort the data for the irrigation efficiency graphs included in this 
paper follows in Fig. 19. The program requires an input file 24sort4 which 
includes the following colwnns: time, cwnulative Dj , cwnulative Dct and 
cwnulative Dd. The output file sort4 will contain the cwnulative values of Dj, Det 
and Dd for each 24-hour period. To find daily values for Dj, Det and Dd take the 
difference between each day's cumulative total and use these daily values to 
calculate Det /(Dct + Dd). Daily DCI/(Det + Dd) for the flood and sprinkler 
irrigation simulations are shown in Fig. 20 and 21. 
Real Time, CDi, CDet, CDd 
Open (l0. File='Usort4.txt'. status-'old? 
Open (20. File='sort4.txt~ status='old? 
P=I.0 
Do 100 
Read (10. ·.end=lOl) Time. CD;. CDet. CDd 
Check = (p·U.O)-Time 
If(Check .LE. 0.2) then 




101 Close (10) 
Close (20) 
End 
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Fig. 20. Fraction of Removed Soil Water Going to ET for 
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Fig. 21. Fraction of removed soil water going to ET for 
1987 sprinkler irrigation simulation 
The average value ofDet/(Det + DcU for the flood simulation (0.73) was higher 
than for the sprinkler simulation (0.51), indicating that in this case the flood 
schedule was more efficient than the sprinkler schedule. Due to the surface runoff 
the sprinkler irrigation was actually less efficient than 0.51. A better measure of 
efficiency when runoff occurs is the water use efficiency (Eu), 
(5) 
where W u is the water benefically used and W d is the water delivered to the area 
being irrigated (Schwab et al, 1996). Therefore, ~ith W u equal to Det and W d 
equivalent to (Det + DcU plus the depth of runoff, the Eu for the sprinkler 
simulation equalled 0.48. 
The aim of a management alternative is to increase the efficiency of an irrigation 
schedule without adversely affecting the plant's yield. Various strategies for 
increasing the efficiency have been tried, each one attempts to reduce the 
application of water in order to prevent drainage. To be sure that plant stress is 
not reducing yield the cum..Q.out file should be examined to be sure that CumQRP 
(cumulative potential root-water uptake) and CumQRP (cumulative actual root-
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water uptake) are equal, if they are than the model is allowing the calculated 
reference ET to occur. 
The management alternative that has shown the greatest success is based on 
meeting the ET requirements of the plant. A weekly irrigation was applied to 
meet the ET requirements of the upcoming week. ET and natural precipitation 
values from 1987 were used. The natural precipitation was included in the model, 
but was in addition to the amount of water applied to meet the ET requirement. A 
second management alternative modeled a 90% efficiency based on the depth of 
weekly irrigation equal to DdO.9 for that week. The results of these management 
alternatives appear in Fig. 22. 
The average value ofDctI(Dct + Dd) for the simulation that matched the ET 
requirements was 0.85 while the Dd90% simulation averaged 0.78. The natural 
precipitation reduced the expected efficiency of each simulation due to increased 
drainage. This drainage may be helpful for leaching salts out of the root zonc. 
Figure 23 shows how the average efficiency of the Dctl9O"1o simulation was 
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Fig. 22. Fraction of Removed Soil Water Going to ET for Two 
Management Alternatives. Dctll.O corresponds to a schedule 
that matches ET requirements, DctlO.9 corresponds to a 
schedule with a 90% efficiency. 
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Fig. 23. Fraction of Removed Soil Water Going to ET for Two 
Management Ahernatives. Dc/0.9 corresponds to a schedule 
with a 90% efficiency and natural precipitation, Dc/0.9* 
corresponds to the same schedule without natural precipitation. 
Each management alternative shows a similar pattern of decreased effICiency, first 
during the initial hours of the simulation (t<I,600 hrs) and then after each alfalfa 
cutting. Cuttings occurred on May 21- (2,148 hours), June 26" (3,012 hours), 
August 3n1 (3,924 hours) and September 18th (5028 hours). Figure 24 shows the 
daily drainage for the Dc/I.O model. The greatest drainage occurs at the 
beginning of the simulation. 1bis early drainage may be a remnant of the initial 
conditions imposed on the profile and the drainage that occurs while the initially 
flat water table takes on a sloped form. Therefore, it is possible that the early 
ineffICiency may result from modellimitatioDS and may not be duplicated in the 
field where this sloping water table rises following irrigation rather than fhlling 
from a Oat water table. After 1,600 hours the initial drainage is complete (Fig. 
24) and the efficiency remains relatively high with the exception of short periods 
of inefficiency during four post-harvest periods (Fig. 23). The inefficiency after 
the first two cuttings matches closely with an increase in drainage. By reducing 
irrigation before harvest Dd may also be reduced. The same is not true about the 
third and fourth cuttings where drainage is minimal and continues to decline after 
harvest. Here the apparent inefficiency is the result of a small drainage term 
dominating a smaller post-harvest ET term. 
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Fig. 24. Depth of Water Going to Drainage.During each 24-hrs, 
Harvests are Shown as Vertical Lines. 
CONCLUSION 
A two-dimensional, hydrodynamic model of a half drain spacing was developed 
using HYDRUS-2D. The model was calibrated to pressure head and drainflow 
data collected in 1992 at the NARC. A RMSE of 15.0 cm was achieved between 
field and modeled pressure head by adjusting the soil type and hydraulic 
properties of layers in the profile. This RMSE is in close agreement with the 
values obtained in previous work (Newton, 1998 and Guitjens, 1999). The 
modeled versus field drainflow showed less agreement, due in part to modeled 
results being compared to the average across the length of the drain and in part to 
overestimates in the recharge due to lack of surface runoff measurements. Future 
work will attempt to calibrate drainflow by reducing the time allowed for 
infiltration to more closely approximate the hydrodynamics of an irrigation event. 
The calibrated model was useful for evaluating the 1987 flood and sprinkler 
irrigation schedules, showing that both schedules over watered. Management 
alternative schedules were developed based on the ET requirements of alfalfa and 
resulted in an increased efficiency of between 12-37%. 
REFERENCES 
Anderson, M.P. and Woessner, W.W. 1992. Applied Groundwater Modeling: 
Simulation of Flow and Advective Transport. Academic Press, San Diego, CA, 
381 p. 
Ayars, J.E. and Meek. D.W.1994. Drainage load-flows relationships in arid 
irrigated areas. Trans. ASAE, 37: 431-437. 
-I 
Hydrodynamic: Modeling 
Clark, J. 1995. Stillwater National Wildlife Refuge, Refuge Reporter, Retrieved 
May 20,1999 from the World Wide Web: 
http://www.gorp.com/gorp/resourcelusDwr/Dvstill.htm 
Cobourn, J., Johnson, W., Ford, J., Reid, M., and Allen, N. 1992. Nevada's water 
future: making tough choices, A Guide for Public Policy Dialogue, Sponsored by 
University of Nevada, Cooperative Extension. 
Doorenbos, J. and Pruitt, W.o. 1977. Crop water requirements. Irrigation and 
Drainage Paper No.24, FAO United Nations, Rome, 144 p. 
Faulkner, B.R. 1996. Soil chemistry and hydrodynamics of irrigation with 
drainwater, Nevada, University of Nevada, Reno Masters Thesis, 78 p. 
Feddes, R.A., Bresler, E., and Zaradny, H. 1978. Simulation ofField Water Use 
and Crop Yield, Simulation Monographs, Pudoc, Wageningen, The Netherlands, 
188 p. 
Glancy, P.A. 1986. Geohydrology of the basalt and unconsolidated sedimentary 
aquifers in the Fallon area, Churchill County, Nevada, USGS Water-Supply Paper 
2263. 62p. 
Guitjens, J .C., 1992. Interpreting spatial yield variability of irrigated spring wheat. 
Trans. ASCE. 35(1):91-95. 
Guitjens, J.C. 1999. Modeling management alternatives for efficient water use 
and drainage reduction. USCID 17th Congress, Spain Trans. 
lB-Q48 (R3.06):79-94. 
Hoffman, R.I. 1994. Detailed study of irrigation drainage in and near Wildlife 
Management Areas, West-Central Nevada, 1987-90, Part C. Summary of 
irrigation-drainage effects on water quality, bottom sediment and biota. USGS 
Water-Resources Investigations Report 92-4024C. 32 p. 
Mathis, A.C. 1995. Influence of the subsurface distribution of salts and trace 
elements on the quality of irrigation drainage water at Fallon, Nevada, University 
of Nevada, Reno Masters Thesis, 185 p. 
Newton, B. 1998. Simulating hydrodynamics of irrigation drainage. University of 
Nevada, Reno, Professional Paper, 68 p. 
Pohll, G.M. 1993. Modeling regional flow and flow to drains, University of 
Nevada, Reno Masters Thesis, 120 p. 
311 
312 Irrigation and Drainage in the New Millennium 
Pholl, G.M. and lC. Guitjens. 1994. Modeling regional flow and flow to drains, 
Journal ofirrigation and Drainage Engineering. 120(5):925-938. 
Rashedi, N. 1983. Evapotranspiration crop coefficients for alfalfa at Fallon, 
Nevada, University of Nevada, Reno Masters Thesis, 155 p. 
Rowe, T.G., Lica, M.S., Hallock. RJ., Maest, A.S. and HotTman, RJ. 1991. 
Physical, chemical and biological data for Stillwater, Frenley and Humboldt 
Wildlife Management Areas and Carson Lake, West-Central Nevada, 1987-1989. 
USGS Open-File Report 91-185. 
Schwab, G.O., Fangmeier, D.O., and Elliot, WJ., 1996. Soil Water Management 
Systems, 4d1 cd., Wiley and Sons, New York. 371 p. 
Simunek, J., Sejna, M., and van Genuchten, M. Th. 1996. The HYDRUS _20 
Software Package for Simulating Water Flow and Solute Transport in Two-
Dimensional Variably Saturated Media, Version 1.0, USSL, Riverside, CA, 
167p. 
Trionfante, J. and Peltz, L. 1994. Hydrologic features of the Truckee and Carson 
River Basins and adjacent areas, Western Nevada and Eastern California, US.GS, 
Open File Report 93-368, map. 
WHSRN-USA. Stillwater Nevada, USA Hemispheric Reserve. Retrieved May 21, 
1999 from the World Wide Web: http://wetlands.calwi-alwhsmlstilwater.html. 
Willden, R. and Speed, R.C. 1974. Geology and mineral deposits of Churchill 
County, Nevada, Bulletin 83 of Nevada Bureau of Mines and Geology, University 
of Nevada, Reno, 95 p. 
CHARACTERIZATION OF TIlE CONDITION OF IRRIGATED LAND IN 
TIlE SEMI-ARID REGIONS OF SOUTIlERN AFRICA 
Michael A. Johnstonl Meiring du Plessisl 
ABSTRACT 
Intensive irrigation in the semi-arid regions of southern Africa often leads to the' 
degradation of soil properties and river water quality, and causes the development 
of high water tables. There is consequently a need to monitor the condition of 
irrigated land regarding its productivity so that problems can be identified and 
rectified timeously. Because comprehensive characterization ofland is costly, it is 
seldom carried out. particularly in developing countries. A survey procedure is 
proposed which involves various field and laboratory measurements which will 
allow the establishment of critically important land characteristics on a cost-
effective basis. Characterization of the soil salinity/sodicity status can be greatly 
enhanced by employing electromagnetic induction measurements, with the aid of 
GIS presentation, to rapidly delineate categories of problematic soils. This 
infonnation, in conjunction with soil type, provides a rational basis for selecting a 
limited number of suitable sites for soil sampling. Sodicity in southern Afiica is 
invariably an issue on the poorer quality soils, and the soil aggregate stability can 
be evaluated using rapid laboratory tests. A case study showed that by using the 
proposed procedure the cost can be reduced to about one fifth of that using a 
conventional approach. 
INTRODUCTION 
Irrigation agriculture in South Africa dates back at least 200 years, when small 
scale irrigation was practised by the European settlers in the present-day Western 
Cape province, at the southern tip of Afiica, for the production of fruit and 
vegetables (Bruwer and van Heerden, 1991). Gradual expansion in the area under 
irrigation took place thereafter, but it wasn't until the early to mid nineteen 
hundreds that substantial development took place. Between about 1930 and 1950 
a number of major state-finanCed irrigation schemes were developed across the 
country during this economically-depressed period, with a view to financial 
upliftment of the population. Expansion has continued subsequently, and to-day 
there are some 1.29 million hectares ofland under irrigation (Water Research 
1 Associate Professor (Soil Science), School of Applied Environmental 
Sciences, University of Natal, Private Bag XOl, Scottsville 3209, South Afiica. 
2 Research Manager, Water Research Commission, POBox 184, Pretoria 0001. 
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Commission, 1996). The size of individual schemes ranges between about 5 000 
ha and 50 000 ha. 
Irrigation development in relation to climate and land resources 
Climatic conditions in southern Africa make irrigation an attractive option for 
farmers. Over 60 % of South Africa receives less than 500 mm of rainfall per 
annum, and the evaporative demand is high (Scotney and van der Merwe, 1991). 
Rainfall tends to be higher in the eastern regions, and becomes drier towards the 
west (Fig. 1). Most areas receive summer rainfall, with only the western Cape 
having a Mediterranean climate. Rainfall is, however, erratic and unreliable, and 
results in periodic droughts and floods. As a result, irrigation plays a vital role in 
stabilizing agricultural production. The major crops being irrigated in South 
Africa, ranked according to the total area under production for that crop, are: 
Small grain (wheat, barley, etc.), alfalfa, maize, fiuit (deciduous plus citrus), 
vegetables, pasture and forages, grapes, sugarcane, oilseeds, potatoes, cotton and 
tobacco (Water Research Commission, 1996). 
~I 
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Fig. 1: Rainfall distribution in South Africa in terms of mean annual precipitation 
(after Dent, Lynch and Schulze, 1989). 
Statistics provided by the Water Research Commission (1996) show that about 45 
% of irrigated land has a rainfall ofless than 500 nun, and 83 % less than 750 mm 
Semi-Arid Regions of Southern Africa 
per annum. In the drier regions flood irrigation is the dominant method, whereas 
sprinkler irrigation is more common in the moister regions where the topography 
is steeper. Overal~ sprinIder irrigation is the most common method (about 55%), 
and there is an on-going tendency to move away from flood (currently about 33%) 
towards sprinIder and micro methods. The quantity of water that is irrigated per 
annum varies widely according to climate and crop, but would typically fall in the 
range of700 mm to 1300 mm. 
The planning and establishment of the major irrigation schemes has generally been 
soundly done. The land selected for irrigation has been based on detailed soil 
surveys, and soils of poor quality excluded as far as practically possible. 
Traditionally, irrigation schemes were established on almost level alluvial soils 
along major river systems. While these soils are predominantly deep loams, there 
is often marked variability in tex:tura1 and structural properties, internal drainage 
and salt status. Suitable soils are often spatially interwoven with those with severe 
limitations, and it is inevitable that some poor quality soils have been included in 
the irrigation development. These include shaDow «0.8 m) soils, "duplex" soils 
(large and abrupt textural change between A and B horizons), medium to coarse 
sands, and heavy clays. The proportions of soils of different suitability that are 
irrigated in the various South Afiican provinces are shown in Table I. On 
average, about 13 % of the soils were regarded as being of marginal quality for 
irrigation. This could represent a conservative estimate of the current situation, 
because expansion of the schemes has tended to encroach into areas of poor 
quality soils. However, a high proportion of the soils developed are deep sandy 
loams to sandy clays, and are very suitable for irrigation. . 
Drainage 
In the development of the irrigation schemes, provision was generally made for a 
system of main drains, so that surface water could be effectively removed. 
Subsurface drains were not installed initially in order to keep capital costs to a 
minimum. The intention was to install subsurface drains if: and when, 
waterlogging problems arose. This has indeed occurred, and subSUJface pipe 
drains have been installed to a greater or lesser degree on all of the schemes in 
order to control the water table. As much as 40 % of irrigated land in some 
regions is underlain by drainage (du Plessis, 1991). 
Water SQurces and qyality 
Surface waters fonn the major water source in southern Afiica, and virtually all of 
the large irrigation schemes are supplied from storage dams situated on the larger 
rivers. By nonnal standards of irrigation in semi arid/arid regions of the world, the 
quality of irrigation water is fairly good. While the electrical conductivity (EC) 
seldom exceeds 1.0 dS mol on average, on many schemes the Ee is less than 0.5 
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dS mol. Table 2 shows some analyses that represent the typical quality of water 
used at some of the larger South African irrigation schemes. The quality is, 
however, deteriorating with more intensive use, and irrigation agriculture will 
need to adapt to the future scenario of producing crops with less water of a 
poorer quality (du Plessis, 1991). 
Table I : Areas under irrigation for various categories ofland suitability in 
different provinces (Water Research Commission. 1996) 
Land 
Very suitable Suitable Risley Total 
Province 
Area Area Area Area 
(xl~ % (xl~ % (xl~ % (xl~ 
hal hal ha) hal 
Eastern Cape 34.6 22 95.0 61 25.3 16 154.9 
Free State 39.1 39 41.1 42 18.7 19 98.9 
Gauteng 16.9 63 6.9 26 2.9 11 26.7 
KwaZulu-Natal 66.6 39 71.8 42 31.9 19 170.3 
Mpumalanga 129.2 82 25.4 16 2.8 2 157.4 
Northern Cape 81.0 50 71.3 44 9.6 6 161.9 
Northern Prov 61.7 45 46.9 35 26.5 20 13501 
North West 83.6 81 16.3 16 3.4 3 103.3 
Western Cape 100.9 36 128.0 45 52.6 19 281.5 
Total 613.6 51 502.7 36 173.7 13 1290 
IMPACT OF IRRIGATION ON WATERLOGGING AND SOn. 
CONDmONS 
As in the rest of the world, waterlogging and sa1inity/sodicity problems have 
developed on virtually all of the major irrigation schemes in southern Africa. 
Experience has shown that most of the problems occur on land ofpoor suitability 
for irrigation (Dohse el aI., 1991). The problems have been exacerbated by flood 
irrigation methods that do not lend themselves to efficient water management, and 
also by a tendency by fimners to over-irrigate. 
A number of surveys have been conducted to evaluate the extent of the problems. 
Estimates (Table 3) show that the areas affected in the diJren:nt provinces vary 
between six and twenty six percent, which confirms that problems of significant 
magnitude exist. Associated with this is a progressive deterioration in the quality 
ofirrigation water (du Plessis, 1991). While these aspects pose a threat to the 
Semi-Arid RegioDs of Southern Africa 
long-term sustainability of some ofthe irrigation schemes, the situation is by no 
means out of control. In some regions large areas of waterlogged soils have been 
successfully reclaimed and brought baclc to high levels of production (Streutker, 
1982). 
Table 2: Typical chemical characteristics of irrigation water used at some 
major irrigation schemes in South Africa 
Irrigation 
River 
ECat 2So C 
pH SAR 
scheme (dS m·l ) (mmoIL'%) 
Douglas Vaal 0.8 7.S 2.0 
Riet Riet 0.6 7.6 2.6 
Uppington Orange 0.3 6.8 2.S 
Robertson . Brcede 0.3 7.2 1.3 
Addo Sundays 1.1 7.S 2.4 
Loskop Olifants 0.7 7.S 0.8 
Pongola Pongola 0.2 7.7 0.7 
Heatonville MhIatuzi 0.3 7.3 1.6 
Table 3: Estimated percentages of waterlogged or salt-affected irrigated 
land in the different provinces (Water Research Conunission, 1996) 
Waterlogged or salt-affected 
Province Severely % Moderately Total 
% % 
Eastern Cape 6 13 19 
Free State 6 18 24 
Gauteng S IS 20 
KwaZulu-Natai S 9 14 
Mpumalanga 1 S 6 
Northern Cape 4 20 24 
Northern Province 12 14 26 
NorthWest 3 S 8 
WestemCape 9 IS 24 
Negative impacts of irrigation are commonly expressed in tenns of waterlogging, 
soil salinity and degradation of river water quality. However, other problems 
deserve attention. Soil sodicity is a major problem, and the vast majority of "saIt-
affected" soils are sodie (Scotney and van der Merwe, 1991). This has 
implications for soil structure and permeability (du Plessis and Shainberg, 1985). 
The associated problems of surface crusting, hardsetting (as a result ofstructural 
317 
318 Irrigation and Drainage in the New Millennium 
degradation; Mullins et al., 1990), compaction and erosion tend to have been 
neglected. 
THE NEED FOR MONITORING THE CONDITION OF IRRIGATED LAND. 
Irrigated land is a valuable resource. Normally it is the highest potential land that 
is selected for irrigation. In South Africa, high potential, irrigable land is very 
scarce, and comprises less than 2 % of the total land area. Further, the large 
capital investment of an irrigation scheme demands that the irrigation scheme 
remain viable on a permanent basis. There is therefore a need to monitor the 
condition of the land in order to evaluate any degradation that is occurring and 
which might reduce the productivity in the long term. Identification of any 
problems will then allow remedial measures to be made timeously. While this 
makes logical sense, a proper characterization exercise is seldom carried out. A 
major obstacle is the cost of such an exercise. 
While there is a large number of parameters that could be usefully measured in a 
land characterization exercise, it is aimed here to propose a monitoring 
programme that addresses the most critical "bottom line" issues. Appropriate 
techniques and procedures are suggested that help to reduce the cost of such an 
exercise. The proposals are made with regard to the conditions that generaIly 
pertain in southern Africa. In particular, soil types and the topography tend to be 
rather variable. This often results in the waterlogging/saIinity problems tending to 
occur in rather isolated patches, separated by fairly large distances. 
PROPOSED CHARACTERIZATION OF THE LAND AND WATER 
RESOURCES. 
This proposal must be viewed as an exercise that should be carried out once every 
five to ten years in a resource monitoring programme, or as a once off exercise to 
evaluate the status of the resource. The following aspects are regarded as being 
of critical importance, and warrant characterization: 
a) Irrigation water quality; 
b) Soil salinity and sodicity; 
c) Incidence and extent of waterlogging; 
d) Soil aggregate stability (which has implications for surface crusting, 
hardsetting and erosion). 
It is assumed that certain basic information would be available. This includes: 
Soil map, at a scale of I: 10 000 or larger; 
Semi-Arid Regions of Southern Africa 
Orthophoto map at a scale of 1: 1 0 000 (or larger) showing contours at, 
ideally, 2.0 m intervals. 
If possible a recent colour aerial photograph should be obtained, since this will 
help considerably to provide a visual record of the status quo regarding the land 
and crop growth performance. 
A procedure to characterize these land and water features on a cost-effective basis 
is presented below. 
W Irrigation water quality 
The chemical composition would normally require monitoring on a monthly, or 
perhaps seasonal (Jow/high river flow) basis. A periodic evaluation of these results 
corresponding to the land evaluation exercise would be appropriate. The major 
parameters that would require characterization are: 
EC; pH; concentrations ofCa++,~++,Na+,K+'CI-, SO;,aIkalinity (i.e. CO)· + 
HCO)-); and the calculated sodium adsorption ratio (SAR). 
If drip irrigation is being practised, iron concentration should be measured, in view 
of the hazard of blockage of dripper nozzles. Concentrations higher than 1 mg 
Vi are regarded by Hewson et al. (1995) as being problematic. If the particular 
water is subject to industrial pollution then the analysis of other elements (e.g. 
heavy metals) is warranted. 
Evaluation of irrigation water is comprehensively discussed for South African 
conditions by the Department of Water Affairs and Forestry (1993). A point that 
should be made is that many soils are particularly susceptible to the adverse effects 
of sodium, and SAR levels as low as 2 can be harmful to the infiltration rate. A 
factor that plays an important role is rainfall, often of high intensity, on bare soil 
shortly after planting. In order to counteract the low electrolyte 
concentration/sodium effect, gypsum is widely used as a topdressing, particularly 
in horticultural crops. 
au Soil salinity and sodicitv 
Characterization of the salinity and sodicity status of soil is most effectively 
achieved by analysis of the ClCtract of a saturated soil paste (Rhoades et al., 1999). 
The EC of this extract (BC.) describes the salinity status and the SAR" the sodicity . 
status. These measurements ultimately need to be made on samples taken down 
to a depth of about 0.9 m. Conducting a survey using purely a soil sampling (and 
analysis) programme is, however, a very laborious and costly exercise. The 
procedure can be streamlined to a large degree by the use of the electromagnetic 
induction (EM) technique. 
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The EM method of evaluating soil salinity is well-established. and a detailed 
account of the principles and practices of the technique is given by Rhoades et aJ. 
(1999). The Model EM-38 (of Geonies Ltd., Canada) is particularly usefu~ and 
the instrument effectively measures the apparent EC ofthe bulk soil (EC.) to a 
depth of approximately 1.50 m. It is sensitive to the conductive liquid phase, and 
is primarily influenced by the electrolyte concentration as well as the water content 
of the soil. 
Quite a considerable amount of research work has been done in various countries 
in generating calibration relationships fur interpreting EC. values from instrument 
measurements. Most notable of these have been conducted in the United States at 
the U.S. Salinity Laboratory (Rhoades, 1990), in Canada (McKenzie et 01., 1989), 
in Australia (Slavich and Petterson, 1990) and in South Africa (Johnston et aJ., 
1996). In our experience, the prediction ofEC. from instrument readings using 
calibration equations is not highly accurate, due mainly to textural and water 
content differences that invariably exist down the profile. The real strength of the 
technique, however, is that measurements of reasonable accuracy can be made 
very rapidly without the need for direct contact between the sensor and the soil. 
The instrument can therefore be used as a screening too~ whereby areas of similar 
EC. can be delineated. This helps considerably in selecting the most meaningful 
sites for soil sampling for salinity analysis. Far fewer soil samples are, as a result, 
required. 
The EM technique can also be used to identify areas that are susceptible to salinity 
development by measuring the condUctivity of the material below soil depth. The 
EM-34/3 model has a much deeper response depth than the EM-38, and this 
instrument has been used successfully for this purpose by Williams and Baker 
(1982). 
The technique is not directly sensitive to soil sodium status, per se. However, in 
southern Africa (and elsewhere, Rhoades et 01., 1999) there is a general 
relationship between soil salinity and sodicity, and it is rather unusual for a sodic 
soil to have a very low salinity level. Using the survey procedure suggested here, 
the sodium status would be characterized within a particular salinity category. 
It should be mentioned that substantial progress has been made in the U.S. and 
Canada in developing automated systems of mapping soil salinity, using a vehicle-
mounted EM-38 sensor COMected to a global positioning system (GPS) receiver 
(Cannon et aJ., 1994). Such systems certainly have an important role to play in 
irrigation agriculture where.soil salinity is a major, widespread problem. 
However, in southern Africa the problem is of a lower magnitude, and affected 
land tends to occur in isolated patches. This situation does not generally justifY 
the expense of a sophisticated automated system. 
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Recommended survey procedure 
While there is room for personal preferences in the system that may be followed in 
a survey, the following procedure is recommended. Conduct an EM survey on a 
two-stage basis whereby a reconnaissance investigation is carried out at more 
widely spaced points, recording the position from a GPS receiver. Once a general 
impression of the magnitudes of EC. have been obtained for different categories of 
land, a strategy for more detailed measurements can be developed. This exercise 
should be conducted with regard to the soil type (using a soil map) and, if 
possible, from visual appearance using recent colour aerial photographs. For the 
most reliable interpretation of EM readings, the soil moisture status should be near 
field capacity when the survey is undertaken. Drier conditions result in relatively 
low EC. (and EM) values (McKenzie et al., 1989). 
Problem areas that have been identified by the above procedure should then be 
studied in greater detail. The EM measurements should be made at spacings of 
between about 20 and 80 m, depending on the prevailing conditions. Each 
position can be established by using a system of reference pegs, or preferably from 
positions obtained from a GPS receiver. A GPS resolution of 5 to 10 m is 
regarded as satisfactory. 
The data set of EM measurements with their respective positions should be 
plotted to provide a picture of the spatial distn"bution of salinity levels. Two 
options exist regarding the salinity parameter used. Either the EM reading can be 
used directly (after correcting to 25° C, McKenzie et aI. 1989), or EC. could be 
estimated using an appropriate calibration equation (Johnston et aI., 1996; 
McKenzie et al., 1989; Rhoades, 1990) and that plotted. As a pennanent record 
of the salinity status of the soil, it is appropriate, in our opinion, to use both 
OptiODS and plot both EM values as well as calculated EC. values for the upper 
profile. In order to achieve the latter it is necessary to establish calibration 
equations for the particular soils involved. These can be developed from soil 
samples, taken at 0.3 m depth intervals down to 0.9 m or deeper. 
5tl Incidence and extent of waterlogging 
While surface water accumulation can arise from inadequate smoothing of land, it 
is primarily high water tables (i.e. subsurface water) that require identification and 
delineation. Two types of monitoring "weDs" should be considered, viz.: 
Deeper boreholes (20-30 m depth): For measuring, on a regular basis, the 
changes in groundwater level as a result of irrigation activities. By 
monitoring changes in the water level, it can be determined whether the 
general groundwater level is rising, and one can then evaluate the risk for 
the development of wide-spread waterlogging conditioDS. 
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Shallow observation wells: Positioned within the irrigated land to detect 
the development of perched water tables in areas where topography and 
soil conditions indicate their likely development. 
Installation of observation wells can most conveniently be achieved by augenng to 
a depth of at least 1.2 m and, if necessary, lining the hole with a perforated plastic 
pipe. By positioning the observation wells at suitable intervals on transects across 
problem areas, the depth to the watertable can be quantified. Water table 
elevations, at perhaps 0.5 m depth intervals, can then be plotted on a map of 
suitable scale. 
Artesian water is sometimes encountered on alluvial soils, whereby the shallow 
groundwater is confuted below an impermeable clay layer in the lower soil profile. 
This situation is normally easily identified in the course of augering observation 
wells. The use of piezometers, i.e. non-perforated tubes sealed within the access 
hole, is warranted. The characteristics of the artesian water body (e.g. depth and 
distribution of the confining layer, location of recharge area) would influence the 
design of a suitable drainage system. 
sU Soil structural condition 
While the sodium status (SA&. or exchangeable sodium percentage) descn"bes the 
potential for instability of the clay fraction (dispersion and swelling), it is very 
desirable to measure directly the physical condition regarding structural coherence 
and permeability. Tests should idea1ly be done both on the topsoil (Plough depth) 
as well as on the subsoil at a depth which is most restricting to permeability. 
A test which is very simple, and yet yields very meaningful information, is the 
"Emerson test" (Charman and Murphy, 1991). This test uses a visual rating 
system that describes the degree of clay dispersion in soil. Basically, observations 
are made on the degree of dispersion (turbidity) in distilled water after subjecting a 
soil sample to three different levels of physical disruption viz. no disruption, a 
moistened sample physically worked with a spatula, and a suspension shaken for 
10 minutes. The rating system produces an index on a scale ofl (dispersive) to 8 
(non dispersiVe/stable). Other useful tests which could also be used are the 
air:water permeability ratio (Hutson, 1982; Reeve, 1965a) and the modulus of 
rupture (Reeve, 1965b). 
As with soil sodicity, aggregate stability should be characterized within salinity 
(ECJ categories, and within ~i1 types. In addition to the aggregate stability 
evaluation, the other structural problems such as surface crusting, hardsctting and 
compaction can be given particular attention, ifit is warranted. 
Semi-Arid Regions of Southern Africa 
OUTLINE OF A CASE STUDY OF LAND EVALUATION 
The condition ofan area ofJand of 121 hectares (299 acres) on a sugarcane 
irrigation scheme at Heatonville (150 km north-east of Durban) was evaluated 
following a procedure similar to that described above, and using the EM-38 
sensor. While the quality of irrigation water is good (Table 2), this scheme is 
known for its poor-quality duplex soils which tend to suffer from sodicity, 
unstable structure and low penneability. 
The EM measurements, taken in both vertical and horizontal orientations, plus 
GPS positions were recorded at some 1 300 points by "walking" the area. Soil 
samples were taken down the profile at 28 selected points for calibration of the 
EM measurements, and evaluation of the salinity (EC.) and sodicity (SAR.) 
status. Soil properties in the problem areas were generally similar, and the main 
calibration equation used to translate EM to EC. values was: 
EC.(mean ofO-O.9m depth) .. 0.033EM(mean ofvertical+horizontal) - 1.647 
(r = 0.88 for 17 observations) 
Aggregate stability was evaluated using the Emerson test on these plus 25 other 
surface (0-0.3 m depth) soil samples. The depth to the perched water table was 
established from 155 observation holes, augered to 1.2 m and sited at strategic 
positions in the problem areas. The ArcView 3.1 package (Environmental 
Systems Research Institute, Inc., CA) was used to plot the distribution of salinity 
in terms of both EC. (Fig. 2) and EM values, as well as the distribution of the 
water table (Fig. 3). 
It is clear that soil salinity on this irrigation scheme does not reach very high levels 
(Fig. 2), due largely to the low-salinity irrigation water. A comparison between 
Figs 2 and 3 confirm that the salinity problems are closely associated with 
waterlogging. It was also found that SAR. was strongly related to Ee, (r of 0.82 
for 44 observations) for the problem areas. The linear regression relationship 
obtained allowed a fairly reliable association of SAR. with the EC, ranges used in 
Fig. 2: 
EC.CdS m·l ) 





Clearly, a serious sodicity problem exists which needs to be treated. 
The basic costs of the various elements of the exercise are given in Table 5. Also 
reported for comparative purposes is the estimated cost that would be incurred 
using a conventional procedure, without the EM sensor. The major difference 
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Fig. 2: The distribution of soil salinity in tenns ofEe. for the 0-0.9 m depth 
predicted from EM measurements in the study area at Heatonville. 
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Fig. 3: The distribution of the high water table in the study area at Heatonville. 
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Table 5: Relative costs for conducting a soil evaluation ofa 121 ha area at 
Heatonville using <a) the EM-38 sensor, as opposed to (b) the 
conventional procedure. Costs are given in South Afiican rands, 
with an approximate exchange rate ofR6.00 : US SI.OO. 
a) Procedure usin~ the EM-38 sensor: 
Item Cost(R) 
Personnel 
Reconnaissance EM survey; technician for 2 days @ R350 day-I 700 
Detailed EM survey; technician for 3 days @R350 day-I 1050 
Water table survey; technician for 2 days@R350day-1 700 
4 field assistants for I day @ R80 dati each 320 
Data processing/GIS work; technician for 1.5 days @ R350 day-I 525 
Egyillment 
EM-38 (R43 000) + 'GPS (R41 000); expected life span 4 000 
hours, 40 hours (Rhoades etaL, 1999)@R21 h-I 840 
Motor vehicle for 5 days @ R300 day-I 1500 
Photographs, maps, etc. 600 
SQill!lalmli 
84 saturation extract analyses @ R30 sample-I 2520 
50 aggregate stability tests@ RIO sample-I 500 
Overall cost hal 76 
[b) Conventional procedure (expected costs): 
Item Cost (R) 
PersQnnel 
Field survey; sampling by auger; technician for 12 days@ R350 
day-I 4200 
1 field assistant for 10 days @ R80 dati 800 
Data processing/GIS work; technician for 1.5 days@R350 day-I 525 
Equipment 
GPS (R41 000); expected life span 4 000 h, 48 hours @RIO.25 h-I 492 
Motor vehicle for 12 days @ R300 dayl 3600 
Photographs, maps, etc. 600 
SQil anab1i1l 
I 000 saturation extract analyses @ R30 sample-I 30000 
50 aggregate stability tests @ RIO sample-' 500 
Overall cost hal 337 
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between the approaches is that in the conventional procedure all of the salinity 
measurements would be done by augerins. and then analysis of the saturation 
extract. Where the EM method is employed. the bulk of the salinity measurements 
is estimated from instrument readings, and the number of soil samples required 
would be less than 10 % of that for the former procedure. 
The costing exercise showed that the use of the EM sensor allowed a substantial 
saving, and the overall cost amounted to approximately 22 % of that for the 
conventional procedure. Cost items having a major impact were sample analysis 
and salary for teclmical staff. 
CONCLUSIONS 
The information gathered in the proposed exercise serves to characterize 
effecf:ive1y the condition of the land and water resources. The evaluation cannot 
be regarded as being highly detailed, but the critical issues would be described 
using cost-effective procedures. 
The proposed procedure will serve to identify soil and water problems that exist 
on an irrigation scheme, describe the severity, and also delineate the extent of the 
problem. This information can then be used for comparison with future surveys 
conducted in a similar way, in order to assess whether any deterioration in the 
natural resources has talcen place. 
Characterization of the soil salinity/sodicity status can be streamlined by use of an 
electromagnetic induction sensor. A case study conducted on a 121 ha area 
showed that this instrument allowed a considerable cost saving. 
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IMPROVING IRRIGATION AND DRAINAGE POliCIES 
TO ACHIEVE WATER QUALITY GOALS IN TIIE NEW MILLENNIUM 
Dennis Wichelnsl David Cone2 
Shannon Fretwell3 
ABSTRACT 
Irrigation and drainage activities can generate off-farm impacts when 
constituents in surface runoff or subsurface drain water degrade the quality of 
receiving waters. Efforts to improve water quality in rural areas have 
increased in recent years in both industrialized and developing countries. The 
goals of those efforts, the parameters of concern, and the policies implemented 
vary among countries according to the initial water quality conditions, the 
technology of agricultural production, and the level of economic development. 
In the industrialized countries, current efforts to achieve incremental 
improvements in water quality may, in some cases, generate costs that exceed 
incremental benefits. However, the benefits may accrue to a large number of 
residents in non-farm areas, while the direct costs are imposed on a smaller 
number of farm residents. In developing countries, the potential gains from 
water quality improvements often exceed incremental costs, but fmancial and 
political constraints may limit the implementation of effective programs. We 
provide in this paper an economic perspective regarding efforts to improve 
water quality in areas where irrigation and drainage activities generate off-
farm impacts. We include examples from California and Egypt that illustrate 
some of the pertinent issues. 
AN ECONOMIC FRAMEWORK 
The off-farm impacts of irrigation and drainage activities have gained 
importance in recent years as many state and national governments have 
increased their efforts to enhance water use efficiency and improve watec 
quality. In developed countries, water quality issues largely involve efforts to 
enhance the environmental amenities and recreational opportunities provided 
by rivers. lakes, and wetland areas. The demand for those amenities has 
1 Associate Professor, Univ. of Rhode Island, Kingston, Rhode Island. 
2 Manager, Broadview Water District, Firebaugh, California. 
3 Assistant Engineer, Stoddard & Associates, LOs Banos, California. 
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increased over time with rising incomes and greater demand for recreation 
and leisure activities. There is also an increased awareness and greater 
concern regarding the potential impacts of pesticides, nutrients, and other 
constituents in surface runoff and subsurface drain water. 
The total benefit derived from improvements in water quality can be 
described as an increasing function of some measure of water quality, such as 
dissolved oxygen or the inverse of the concentration of a harmful constituent. 
The total cost of achieving improvements in water quality can also be 
described as an increasing function in the same dimension. For most 
constituents of concern, it is likely that the total benefit increases at a 
declining rate over some range of water quality improvements. Within such a 
range, the incremental benefits obtained from further improvements in water 
quality are positive, but declining. It is also likely that the total cost of 
achieving improvements in water quality increases at a rising rate over some 
range of water quality improvements. Examples of plausible total benefit and 
total cost curves are shown in Figure 1. 
Provided that all pertinent costs and benefits are included when estimating the 
functions shown in Figure 1, the socially optimal level of water quality would 
be WQ*, where the vertical distance between the total benefit and total cost 
curves is maximized. Any other level of water quality would generate a 
smaller net benefit This optimal level of water quality oceun precisely at 
the point where the incremental benefit is equal to the incremental cost, as 
shown in Figure 2. . 
The concepts described in Figures I and 2 suggest that policy maken should 
consider both the incremental benefits and incremental costs when defining 
water quality goals and choosing policy alternatives to achieve those goals. 
As noted above, it is possible in industrializ.ed countries that current water 
quality efforts regarding some constituents in some locations may be seeking 
to achieve water quality levels that exceed the social optimum. This can 
occur when the benefits of water quality improvements accrue largely to 
individuals or groups who are not required to pay the direct costs of achieving 
those improvements. In many developing countries, current water quality 
efforts often fall short of WQ* due to financial constraints or to a similar 
divergence between those who benefit from water quality improvements and 
those who would be required to pay for them. 
ImproviDg IrrigatioD and DraiDage Policies 
Figure 1. Thtal Costs and Benefits of Water Quality Improvements 
Total Dollars 
Thtal Benefits of 
Water Quality 
Improvements 
Total Costs of 
Water Quality 
Improvements 
Measure of Water Quality 
Figure 2. Incremental Costs and Benefits of Water Quality Improvements 
$1 unit 
Incremental Benefits 
Of Water Quality 
Improvements 
Incremental Costs of 
Of Water Quality 
Improvements 
Measure of Water Quality 
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The conceptual cost and benefit curves shown in Figures 1 and 2 provide a 
useful framework for evaluating water quality goals and policies. However, 
to implement this framework appropriately, policy officials must obtain 
accurate empirical estimates of the cost and benefit curves, and all pertinent 
costs and benefits must be included in those estimates. 'The curves may 
change over time with changes in public preferences and technology, such 
that some degree of flexibility in policy choices may be appropriate. We 
examine some of these issues in settings pertaining to both industrialized and 
developing countries. 
WATER QUALITY EFFORTS IN INDUSTRIAUZED COUNTRIES 
The goal of current policy efforts regarding the water quality impacts of 
irrigation and drainage activities in developed countries might be described as 
seeking incremental improvements in water systems that have already been 
improved substantially by regulatory policies implemented in earlier years. 
In the United States, for example, many state and national programs have 
been implemented since the original Clean Water Act was passed in 1m. 
Compliance activities implemented in both the public and private sectors have 
improved water quality in many of the nation's waterways. Incremental 
improvements may enhance water quality further and may improve the 
quality of life for those who derive direct or indirect benefits from rivers, 
lakes, and wetlands. However, the incremental costs of achieving further 
improvements in water quality may be substantial for some waterbodies, 
particularly when improvement requires reducing the concentration or load of 
a constituent for which a low-cost treatment or removal process is not 
available. 
The pertinent policy questions regarding the water quality impacts of 
irrigation and drainage in developed countries might be described as the 
following: 
What are the constituents of concern in surface runoff and 
subsurface drain water, and what are the appropriate water 
quality standards for those constituents? Input from 
scientists and other specialists should be given appropriate 
weight when seeking answers to this question. 
How might appropriate water quality standards vary with 
location or with differences in pertinent land and water 
characteristics? In what situations might site-specific water 
quality standards be appropriate? 
Improving Irrigation and Drainage Policies 
What policies and programs can be implemented to achieve 
the desired water quality standards at minimum cost? 
What is the optimal policy strategy, given the inevitable 
uncertainty regarding the potential costs and benefits of 
water quality improvements, the farm-level responses to 
policy measures, the impact of rainfall and storm events on 
water quality conditions, and long-term changes in public 
preferences regarding agriculture and the environment? 
Will the incremental improvement in water quality be 
sufficient to justify the incremental costs, when all 
appropriate costs and benefits are considered? 
Consideration of these policy issues is particularly important in developed 
countries where the incremental costs of further improvements in water 
quality may be substantial. One such example is found in California's San 
Joaquin Valley, where efforts to reduce the load of selenium entering the San 
Joaquin River in agricultural drainage water have generated substantial farm-
level and regional costs in recent years. An appropriate question at this time 
is whether the incremental benefits of further reductions in selenium loads 
will exceed the incremental costs. 
Reducing Selenium Load in 
The San JoaQyin River 
In earlier papers we have described the farm-level and regional efforts that 
have been implemented since 1986 to reduce the volume of subsurface drain 
water entering California's San Joaquin River (Wichelns and Cone, 1992; 
Wichelns et al., 1996). The drain water contains selenium, boron, and other 
elements that are found naturally in local soils and are leached from the 
profile during irrigation and drainage activities (Letey et al., 1986; Deverel 
and GaUanthine, 1988; Gilliam, 1991). 
The U.S. Environmental Protection Agency has established a national water 
quality criterion for selenium of S parts per billion (ppb), when measured as a 
S-day moving average concentration. The California Regional Water Quality 
Control Board for the Central Valley Region has adopted a Basin Plan 
Amendment designed to achieve the national selenium concentration standard 
over time. That amendment includes a set of monthly and annual selenium 
load targets that are expected to generate acceptable selenium concentrations 
in the near term, while farm-level and regional efforts are implemented, over 
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time, to achieve the national water quality standard. The selenium load 
targets require substantial reductions in the volume of subsurface drain water 
discharged to the San Joaquin River each year, as an affordable technology 
for removing selenium from drain water is not yet available. 
Seven irrigation and drainage districts in the region have formed the 
Grassland Basin Drainage Activity Agreement to construct and operate 
regional drainage facilities and coordinate efforts to achieve the selenium load 
targets. The group has constructed a new channel that carries drainage water 
from all seven districts around a wetland habitat area to an existing portion of 
the San Luis Drain, which carries the water to a tributary of the San Joaquin 
River. That program, known locally as the Grassland Bypass Project, began 
operations in September of 1996. 
We have estimated the costs of farm-level, district, and regional efforts to 
achieve the selenium load targets (Wichelns et aI., 1999). Activities include 
farm-level improvements in irrigation methods, greater recycling of saline, 
commingled drainage water within irrigation districts, and formation of a 
regional drainage entity to coordinate district efforts and participate in policy 
discussions with staff members of state and national agencies. The estimated 
costs are the following: 
Cost Category 










The estimated total cost of $118 per acre generates an "estimated annual cost 
ofabout $11 million throughout the 94,OOO-acre area included within the 
Grassland Bypass Project. This sum does not include some of the long-term 
costs of efforts to reduce drain water volume, such as the yield reductions and 
changes in cropping patterns that will likely occur in future, due to increasing 
soil salinity caused by persistent recycling of saline drainage water. 
Improving Irrigation and Drainage Policies 
Estimating the costs of achieving selenium load targets is easier than 
estimating the potential benefits. However, one approach to evaluating 
current and future policy efforts is to ask whether the total benefit of current 
improvements in water quality exceeds $11 million per year, and whether the 
incremental value of further reductions in selenium loads will exceed the 
incremental costs. 
Policy Implications 
The selenium load targets pertaining to the Grassland Bypass Project are 
currently being reviewed by policy officials, as the agreements required to 
continue the project are scheduled for renewal. It is likely that the selenium 
load targets will be made more restrictive in future, requiring greater farm-
level and district efforts to reduce the volume of subsurface drain water 
entering the San Joaquin River. Conceptually, more restrictive selenium load 
targets correspond to a higher level of WQ on the horizontal axis of the graph 
in Figure 1. If the current level of WQ is already beyond WQ*, further 
efforts to improve water quality will reduce net social benefits. 
Given the uncertainty regarding the impact of low concentrations of selenium 
in the San Joaquin River, policies that allow greater flexibility in farm 
operations may generate greater net social benefits than policies requiring 
strict adherence to restrictive load targets. Appropriate policy measures 
include allowance for storm events and periods of high rainfall when the 
volume of drainage water discharged to the River is increased naturally. 
Farmers and drainage districts have little control over the discharge of 
drainage water during those times and the volume of water in the River is 
usually increased by the same storm events. Hence, it may be socially 
optimal to allow greater discharges of agricultural drainage water during 
those periods. 
The opportunity costs of administrative and research personnel should also be 
considered when evaluating water quality policies and programs. At present, 
the policy process for implementing selenium load targets, monitoring 
compliance, and determining the size of fmancial penalties consumes 
thousands of hours of administrative and research staff time each year. The 
direct costs of that time are reflected in salaries and travel expenses, while the 
opportunity costs include other endeavors that the administrators and 
researchers could be pursuing, if less time were required to administer and 
monitor the Grassland Bypass Project. These costs are often not trivial and 
they should be included when estimating the total and incremental costs of 
policies to improve water quality. 
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WATER QUALITY EFFORTS IN DEVELOPING COUNTRIES 
Efforts to improve the quality of agricultural drainage water in developing 
countries may generate substantial benefits for farmers and other residents of 
rural areas. In many irrigated areas, farmers at the tail ends of canals use 
drainage water to augment their limited surface water supply. The salts in 
drainage water used by tail-end farmers will accumulate in soils, over time, 
and may eventually cause reductions in yields or changes in cropping 
patterns. In some areas, other harmful constituents in drainage water, such as 
pathogens from household effiuent or metals from municipal and industrial 
effluent that enter agricultural drains may present more immediate hazards to 
tail-end farmers. . 
In areas where efforts to improve drainage water quality have been limited by 
fmancial or political constraints, the incremental gains from such 
improvements may be larger than the incremental costs. To the extent that 
current levels of water qUality are less than WQ* in Figures 1 and 2, net 
social benefits can be enhanced by improving water quality. In some 
developing countries the potential gains may be quite large, particularly in 
regions where agricultural drains receive effiuent from non-agricultural 
sources and where the drains pass through many towns and villages in rural 
areas. A useful example of potentially large net gains to water quality 
improvements is provided by current irrigation and drainage conditions in the 
Nile Delta. 
Improving Drainage Water 
Quality in the Nile Riyer Delta 
Agricultural drainage water is currently viewed as an important resource for 
irrigation in the Nile Delta. The Egyptian Ministry of Public Works and 
Water Resources operates a series of pumping stations that lift drainage water 
from main drains into delivery canals for blending with fresh water supplies. 
The Ministry currently recycles about 4 billion cubic meters of drainage water 
annually and is planning to expand pumping operations in future. Drainage 
water is also conveyed through a new canal to provide irrigation water for a 
portion of the Sinai Peninsula. 
In some portions of the Nile Delta, the salinity of agricultural drainage water 
is less that 1,500 parts per. million (ppm) in total dissolved solids (TDS) and 
the blended irrigation water is not directly harmful to crops (Zhu et aI., 
1998). In other areas, the salinity exceeds 1,500 ppm TDS and continuous 
use of the blended irrigation water will cause soil salinity to increase over 
time. 
Improving Irrigation and Drainage Policies 
Drainage water quality is also impaired by metals and pathogens in municipal 
and industrial effluent discharged into agricultural drains. In some areas of 
the Nile Delta, the Ministry has stopped pumping agricultural drainage water 
for blending with irrigation supplies due to concerns regarding metals and 
pathogens (Zhu et al., 1999). However, many farmers withdraw water 
directly from drainage ditches to supplement their limited surface water 
supply. 
Agricultural drainage water polluted with municipal and industrial effluent 
may pose a health risk to residents of towns and villages located along open 
drainage ditches. Some of the ditches discharge into Lake Manzala in the 
northern Delta, where water quality has been degraded substantially over 
time. Hence, efforts to improve the quality of water in agricultural drains 
may generate benefits for several groups of residents in the Nile Delta. These 
groups include farmers who use drainage water to supplement irrigation 
supplies, residents of towns and villages located along the drains, and those 
who live near Lake ManzaIa. 
The incremental benefits of improvements in water quality may be larger than 
the incremental costs, given the current degradation of water quality in 
agricultural drains. Removing metals and pathogens may generate important 
health benefits, while also making more water available for use in irrigation. 
While the fixed costs of installing treatment facilities and re-directing 
municipal and industrial effluent may be substantial, the initial variable costs 
of removing effluent from agricultural drains should be relatively small at 
current concentrations. 
Efforts to improve water quality in agricultural drains in the Nile Delta 
should include removal of municipal and industrial effluent from drains, as 
long as the Ministry and farmers continue to use agricultural drainage water 
to augment surface water supplies. Policies designed to reduce the volume 
and improve the quality of effluent generated by municipalities and industries 
would also be helpful in solving water quality problems. It is often less 
costly to reduce pollution before it is generated, rather than treating degraded 
waters or accepting the damages, particularly when initial levels of treatment 
may generate relatively large improvements in water quality. 
Reducing the discharge of municipal and industrial effluent into agricultural 
drains would be consistent with efforts to improve farm-level water 
management in the Nile Delta. As farmers improve irrigation practices there 
will be less surface runoff in drains that collect both surface runoff and 
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subsurface drain water. Operational spills into drains are also being reduced 
as the Ministry installs downstream control structures in secondary canals. 
Reducing the volume of surface runoff and operational spills will cause the 
average concentrations of salt and other constituents in agricultural drainage 
water to increase. Hence, the volume of effluent entering drains must also be 
reduced to prevent an increase in the concentrations of metals and pathogens. 
Policy Implications 
The Government of Egypt has already implemented water quality standards 
for effluent discharged by municipalities and industries, although enforcement 
is not complete. Law 48, passed in 1982, includes standards for BOD, COD, 
Nl4, pathogens, and total suspended solids (Zhu et al., 1998). However, 
due to lack of compliance with Law 48, the effluent discharged into sevecal 
agricultural drains is not in compliance with those standards. 
Efforts to achieve compliance will impose costs on municipalities and 
industries that will be required to reduce effluent volume and to treat the 
effluent that is discharged into agricultural drains. Firms and municipalities 
will be encouraged to implement low-cost alternatives for reducing effluent, 
such as changing production technology or adopting affordable treatment 
measures. At present, the incentive for innovation regarding municipal and 
industrial effluent reduction and treatment is less than it would be if the 
standards established in Law 48 were enforced. 
The social costs of reducing municipal and industrial effluent may be 
substantial, as firms and towns are required to change production practices, 
invest in costly treatment programs, and seek alternative methods for 
disposing treated effluent. Conceptually, however, the social benefits of 
water quality improvements will exceed the social costs if the current level of 
WQ is less than WQ* in the graphs in Figures I and 2. Successful efforts to 
improve the quality of water in agricultural drains in the Nlle Delta could 
improve the quality of life for many Egyptians living in both rural and urban 
settings. 
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PLANNING TO MEET FUTIJRE WATER NEEDS 
George H. Hargreaves l Eric R. Olsen2 
ABSTRACT 
Conservative projections foresee world population growing from approximately 
six billion to over eight billion people by 2050. During that same period, per 
capita food grain production, irrigated area, and the income of the poorest 20% are 
expected to decline. As a result, much of the world's population faces a future of 
poverty and hunger. These people, forced to the economic margins, often engage 
in hannfuJ agricultural practices-fanning steep slopes, slash-bum agriculture, 
overgrazing-which increase soil erosion and flooding. In the context of growing 
population and poverty, this paper discusses several water-related issues: 
irrigation, depletion of groundwater, drainage, and flood control. Also discussed 
are the roles of government and the private sector in water resource management. 
Finally, it discusses the question of resource conservation or development, 
concluding that before conservation becomes a viable choice (especially for the 
poor), development is necessary. To help plan sound water projects in the future, 
this paper advocates the development of a global water resource inventory. It 
describes a start toward such an inventory-the IWMI "World Water and Climate 
Atlas"-and how it can be used. 
INTRODUCTION 
Thomas Malthus published his Essay on the Principle of Population in 1798. In it 
he argued that without the checks of disease, war, and famine, humankind was 
doomed to eventually outgrow its ability to feed itself. Simply put, the geometric 
nature of unrestrained population growth would literally eat up any conceivable 
increase in agricultural production. His pessimistic vision destroyed the optimism 
of his age. After Malthus it seemed that the advances of modem science and 
technology no longer heralded a future of increasing and unbounded prosperity 
for everyone (Heilbroner, 1986). 
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Today, in spite of enormous increases in agricultural productivity, the Malthusian 
vision continues to haunt the world. Current world population is approximately 
six billion. By 2050, conservative estimates predict that it will exceed eight 
billion; a simple extrapolation of the present rate of growth predicts that it will 
exceed ten billion. What makes this alarming is that, while agricultural production 
will undoubtedly increase, it is unlikely to keep pace. For example, 80% of the 
world's nutritional needs are met by the major food grains: wheat, rice, and maize . . 
At current rates of growth, the production of these grains per capita can be 
expected to drop to 71 % of current levels; irrigated area per capita can also be 
expected to drop to 80% of current levels (Brown, et al., 1997; Brown, et al., 
1998). Note that these numbers do not include the long-term effects of many 
current agricultural practices which deplete groundwater, pollute the environment, 
erode steep slopes, and create flood damage. If continued, such practices will push 
these numbers even lower. 
Further complicating this scenario is the fact that 98% of population growth is in 
the developing world (National Geographic Society, 1998b). Unfortunately, some 
developing countries do not have the institutional and legal frameworks needed 
for planning and implementing sound long term agricultural and environmental 
policies. Others lack the political will to ensure that their populations are fed 
(Reid, 1998). Even where food supplies are plentiful, extreme poverty leaves 
many people without the means to feed themselves (Sen, 1981). Today, such 
problems have left about 2001. of the world's population chronically 
undernourished and nearly the same amount without a reliable source of safe 
drinking water (Reid, 1998). 
Escaping a Malthusian future is possible. To do so, it will be necessary to work on 
a global scale to expand the food supply, to reduce reliance on non-renewable 
resources, to decrease pollution, to control climate change, to increase economic 
prosperity, to promote stable and responsible governments, and, ultimately, to 
stabilize the population. This paper addresses only a small part of the solution: 
meeting future water needs. 
In 1997 the International Water Management Institute (IWMI) and the Utah 
Climate Center at Utah State University (USU) set out to develop and publish an 
atlas of water and climatic data. With support from the governments of Japan and 
the United States an atlas for Asia was developed. This atlas provided an initial 
inventory of Asian water resources: reference evapotranspiration (ETo), 75% 
precipitation probabilities (P ,,), an index of the relative adequacy of rainfall for 
crop production (MAl = P n I ETo). an estimate of the surplus or deficit of rainfall 
in meeting crop requirements (NET = ETo - Pn), and the basic climatic 
information needed to use this information in simple crop models. IWMI bas 
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continued to expand and refine the atlas and data products with various partner 
organizations (lWMI, 1999a). 
To deal with the water resource issues facing the world between now and the year 
2050, it is recommended that the IWMI atlas be supplemented with other land and 
water resource inventories, including: surface water availability, possible reservoir 
sites, and potential areas for irrigation. In addition, the development of the tools 
needed to make the best use of this information is suggested. By helping assess 
probable costs and benefits, such inventories and tools would enable developing 
countries to plan and develop irrigation, drainage, hydropower, and flood control 
projects that are both economically and ecologically sound. 
WATER RESOURCE MANAGEMENT 
Managing a Scarce Resource 
Considered on a global scale, the fresh water resources of the planet are more than 
adequate to meet all foreseeable future needs for agricultural, industrial, and 
domestic uses. However, considered on regional and local scales, the ability to 
meet water demands in some areas is limited. Geographic and seasonal variations 
in weather patterns create surface water shortages that have forced the 
development of ways to survive in desert regions and to cope with periodic 
droughts. 
In excessively arid areas and seasons, groundwater bas often helped meet 
shortfalls in water demand. Unfortunately, this is frequently a non-renewable 
resource and many areas of the world have become excessively dependent upon it 
for irrigation. In China, nearly all river basins depend on the over-pumping of 
aquifers. In India, seventeen districts have seen aquifers permanently depleted. 
Chronic over-pumping and aquifer depletion for irrigation also continues in 
central Mexico, California, the Great Plains of the United States, the Arabian 
Peninsula, and North Africa. Of the approximately 250 million hectares of 
irrigated land in the world, some 50 to 60 million are now irrigated from non-
rechargeable groundwater; these will probably be forced out of production by 
2050 unless adequate surface water supplies can be developed (Brown, et aI., 
1998). Sound resource conservation policies would reserve this non-renewable 
resource for making up serious deficits in surface water supplies during drought 
years. 
Damming and diverting surface water to meet shortfalls is generally preferable to 
over-pumping aquifers. Unlike much groundwater, surface water is a renewable 
resource. With careful planning and management, water use can be balanced with 
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the amount of surface water available on a one-year, ten-year, or longer basis. 
Still, there are serious problems to be resolved. 
Of these, the most intractable are the political conflicts over water in the arid 
"regions of the world. In more than two hundred river basins, water is shared by 
two or more countries. Some twenty-two countries depend upon the flow of water 
from another country. Frequently, the season of maximum water demand is also 
the season of minimum water availability. Conflicts over who gets water and how 
much are almost inevitable. There is a need to come up with, and implement, 
practical solutions for providing enough agricultural, industrial, and domestic 
water for everyone. Unless this can be done, political tensions over water will 
only build over the next half century for, by the year 2050, some four billion 
people will live in regions that suffer severe water shortages (Simon, 1998). 
Most recommended solutions are stopgap measures at best. Implementing policies 
to encourage water conservation and to reduce water pollution will, in the short 
term, ease demand by encouraging more efficient use of existing water supplies. 
While currently too expensive for agricultural and industrial uses, desalinization 
of seawater would increase the supply of available water. However, by 
themselves, these measures will not meet the demands of a growing population. 
Projected agricultural needs alone dictate that new water supplies must be 
developed. 
Irrigation for agriculture in arid regions (about one-third of the inhabited area of 
the world) or during a dry season (often three or more months even in otherwise 
wet areas) is the principal consumptive use of water. In the United States, this 
amounts to an average annual application of irrigation water of 57Omm. About 
half of this amount is from surface water. This is only 11% of the average annual 
flow of the Mississippi River and only 14% of the average annual surface runoff 
of the rainiest one-eighth of the continental U.S. Other areas of the world have a 
similar situation. Clearly, a major part of present and future water needs could be 
met by taking better advantage of existing surface water resources. 
By creating a systematic inventory of global water resources, the countries of the 
world can more easily identifY solutions for local water shortages. Developing 
regional water storage and transportation systems requires knowing where and 
when the excess runoff occms; knowing how much occurs; and, determining 
where it is both technically and economically feasible to site such systems. This 
kind of information exists-although in a fragmented and non-systematic form-for 
much of the United States and other developed areas of the world; it needs to be 
created for those underdeveloped areas where most of the water shortages in the 
next half century will, most likely, occur. 
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Managing an Over-Abundant Resource 
Somewhere between one-third and one-half of most continents suffer from 
excessive precipitation. This frequently results in significant reductions in land 
usc or in damages due to flooding. In Colombia, about nine percent of the land 
area floods annually, rendering much of it unsuitable for agriculture. In China, 
record-breaking floods in the spring of 1998 affected more than 300 million 
people and killed tens of thousands (Binyan and Link. 1998). 
In areas afflicted by too much rain, as well as in low-lying areas where surface 
runoff tends to collect for long periods, artificial drainage systems are often 
beneficial. Adequate drainage, whether artificial or natural, provides the soil 
aeration needed for crop root development and health. It also helps control the 
spread of disease. For instimce, swampy areas have long been associated with 
malaria and yellow fever; drainage of these areas helps reduce the population of 
mosquitoes, the vector for transmitting these diseases. 
Constructing dams for flood control can also be beneficial. Controlling the release 
of water down a watershed can reduce or eliminate flooding. As well as 
preventing deaths, this helps stop much of the damage to land, agricultW'e, and 
infrastructure that floods periodically cause. In addition. there are the obvious side 
benefits of generating hydropower, storing water for use during a dry season, and 
preventing the spread ofwater-bome diseases like cholera. 
Still, dams are not a solution in all areas. Sometimes local ecosystems require 
periodic flooding to regenerate; in others, floods would not have occurred without 
a history of human damage to the environment. Many of the problems associated 
with excess precipitation, especially flooding and soil erosion, are caused by 
improper agricultural practices; in some developing countries this amounts to 
approximately 50010 of the rain-fed agricultW'e. Farming steep slopes, slash-bum 
agricultW'e, and deforestation all destroy the capacity of the land to absorb 
precipitation and ease the flow of water down mountains and hills. Over-grazing 
destroys the plants whose root systems hold soil in place. Eliminating these 
problems would seem to be more ecologically sound-and, in the long run, less 
expensive-than building and maintaining dams. However, that may not be 
possible without a rapid rate of water resoW'CCs development. 
A global inventory of water resoW'CCs would make it possible to assess the 
benefits and costs of drainage and flood control projects. Knowing how much 
precipitation generally occurs would help estimate hydropower potential. Flood 
prone areas could be identified. In tum. this would allow planning for the most 
ecologically sound and cost-effective ways to prevent or reduce flood damage. 
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Again, it is in the developing world where this infonnation is most needed and 
would be most useful. 
Conservation or Devel9pment? 
Although sometimes framed this way, addressing the world's present and future 
water needs is not a simple question of whether resources should be conserved or 
whether they should be developed. Conservation and development are not so 
easily separated. Conserving groundwater requires developing the surface water 
resources to replace it Preventing various environmentally hannful practices, like 
fanning on steep slopes and slash-bum agriculture, requires providing the 
poverty-stricken people who generally engage in these practices with some other, 
less destructive, means offeeding themselves. Land, water, and other resources 
need to be developed to the point that conservation becomes a viable economic 
choice for everyone. 
Consider, for example, the case of Greece. In the late 19405, the country was an 
environmental disaster. Most of the forests had been destroyed, the trees cut down 
to provide fuel. 1be mountains were eroded, tom apart by hillside fanning, 
extensive overgrazing, and the resulting increase in flooding. Then, starting in 
1947, large dams were constructed, new flood channels were excavated, rural 
electrification was provided, and private irrigation development was promoted. 
By 1968, the Greek gross domestic product (GDP) had quadrupled. Over those 
same twenty years, vast areas had been reforested and overgrazing was virtually 
eliminated. Fanning on irrigated alluvial lands (and providing fanners with 
various goods and services) proved far more profitable than cutting firewood, 
overgrazing, or growing crops in mountainous areas. 
In underdeveloped areas where population pressures-growth, poverty, 
migration-have led to or will lead to environmental destruction, there is a need to 
promote a rapid pace of resource development. Only if development can get ahead 
of population pressures and increase everyone's level of prosperity, will the 
survival of people at the eConomic margins no longer depend on making 
uneconomic and environmentally hannful choices. If this can be done, perhaps 
many economic and environmental travesties can be prevented; for instance, in 
Central America, poor people may not be compelled by their desperate situation 
to bum mahogany forests on steep slopes, to create an open patch of ground, to 
plant corn, to feed a starving family. 
Institutional Considerations 
The world is rapidly developing a global economy in which everyone is 
interdependent How one nation chooses to use or manage its land, water, and 
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energy resources can affect other nations; negative effects from poor choices are 
international, if not global, problems. As a result, there is an increasing need for 
international guidelines, agreements, and institutions to ensure cooperation on a 
global scale. 
Historically, most governments have been poor managers ofnaturaI resources. 
Although many have created institutions to develop their resources, they have 
often been hampered by their focus on a single problem: controlling floods, or 
improving agriculture, or preserving the environment. Almost inevitably, various 
single-purpose agencies end up having opposing goals and competing with each 
other for scarce funds. Multi-purpose organizations, chartered to balance the costs 
and benefits of all purposes, have seldom been established. 
Another frequent problem is that few governments have the institutional capacity 
and expertise required for resource development and use. In those that do, this 
capacity has sometimes eroded over the years. For instance, in 1902 the United 
States created the Bureau of Reclamation (USBR) to develop land and water 
resources on a river-basin-wide scale in the sixteen western states. By 1951 more 
than 100 dams and 33 power plants had been constructed. Internationally, the 
USBR provided its expertise in river-basin studies and planning in Asia, Africa, 
and Latin America. Unfortunately, the planning, design, and construction 
activities have largely ceased; emphasis is now on management and conservation. 
Consequently, governments - whether national or international- should promote 
private-sector development ofnaturaI resources, including water. Private efforts 
would help ensure that projects are economically sound, as well as likely to last 
beyond the next change of government. To do so, governments need to create the 
legal and institutional framework that will encourage responsible private 
development projects. They need to pass and enforce laws which: provide private 
access to land and water resources on a competitive basis; prevent the destructive 
exploitation of those resources; and, promote multiple-purpose development 
efforts. In addition, they should develop, support, and use international 
institutions that will serve as the long-term repositories of the expertise and 
information needed for making sound resource development and conservation 
decisions. 
In 1999, the Worldwatch Institute noted that the world's three richest people had 
assets that exceed the combined gross domestic product of the world's forty-eight 
poorest nations (Brown, et al., 1999). To end their needlessly inevitable cycles of 
poverty and hunger, these countries need to develop their land and water resources 
in an economically and environmentally sensible fashion. Perhaps, if these forty-
eight poorest nations were to create the favorable circumstances outlined above, 
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they could attract sorely needed investments from the three richest people (and 
others). 
WA 'fER RESOURCE ATI..ASES 
The IWMI "World Water and Climate Atlas" 
International organizations like the International Water Management Institute 
(lWMI)-working with universities such as Utah State University (USU), the 
University of East Anglia (VEA), and the Australian National University 
(ANU)-are already working toward developing global resource inventories and 
the expertise to use them. With the development of the IWMI "World Water and 
Climate Atlas" (lWMJ, 1999a), a start can be made to address-on a global and 
international basis-some of the technical, economic, and environmental issues 
involved in increasing irrigated area per capita, balancing available surface water 
with demand, improving agricultural potential in areas with poor drainage, and 
preventing flood damage. 
For instance, this atlas provides the basic information needed for simple crop 
modeling. Minimum and maximum temperature data can be used to identify 
regions which meet the temperature requirements for specific crop cultivars. This 
information, combined with reference evapotranspiration and crop coefficients, 
enables the estimation of seasonal water requirements for the crops. Planners can 
then determine whether existing water resources are adequate and, if not, potential 
areas for their development 
As this atlas is refined -- with added and improved data, better analysis software, 
and more experience using the data - it could become an important planning tool. 
By using a standard and readily accessible base of information, solutions that have 
proven beneficial in some areas can be evaluated for application in other similar 
situations. After all, given the current rate of population growth and barring some 
Malthusian disaster, there is a pressing need to better manage world water 
resources over the next half century. The information in this atlas provides a firm 
foundation upon which preparations for that future can be made. 
A Climate Classification Atlas 
Since plant adaptation and the potential for rainfed agricultural production depend 
principally upon temperatures and water availability, a world atlas of climate 
classification for agriculture would be very useful as well (note that much of the 
base information is included in the IWMI atlas, but needs to be extracted and 
coupled with crop-specific information). To be useful, this atlas need not be 
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complicated. In fact, two climate classifications-one based on temperatures and 
the other based on water availability-would serve most planning needs 
(Hargreaves, 1971). 
Table I shows the first of these climate classifications. This classification is based 
on monthly average temperatures and the length of the growing season. An atlas 
classifying the world on this basis, ideally combined with a comprehensive 
database of crop temperature requirements, would allow local planners to identify 
specific cultivars suitable for projects in their area. 
Table 1. Temperature-Based Climate Classification 
Climate Type Temperature Criteria 
Polar All months below 10°C 
Boreal I to 3 months above 10°C 
Subtemperate 4 to 5 months above 10°C 
Temperate 6 to 9 months above 10°C 
Subtropical 10 to 12 months above 10°C 
Tropical All months at 17°C or above 
The second climate classification, shown in Table 2, reflects water availability. 
This classification divides climates into seven classes based on a moisture 
adequacy index (MAl) which measures the water constraints on agricultural 
productivity for that climate. 
MAl (sometimes used as A,,) is easily derived from the 75% probability rainfall 
amount (P,,) and reference crop evapotranspiration (ETo): 
MAl = P75 / ETo 
In tum, P75 is most conveniently derived from mean precipitation (P..) and the 
stan~ deviation in the amount of rainfall (SD): 
P75 =P .. -0.74SD 
(1) 
(2) 
The 75% probable streamflow Q75 can be calculated from Eq. 2 by substituting Q 
for P. Note, however, that Eq. 2 is less accurate for use when p .. is less than 30010 
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ofETo; when this is the case, calculating Pn with a ranking distribution or other 
similar technique may be preferable. 
Table 2. MAl-Based Climate Classification 
Climate MAl Criteria Water Constraints 
Classification on Productivity 
Very Arid All months with MAl :s; 0.33 Not suited for 
rainfed agriculture 
Arid 1 or 2 months with MAl ~ 0.34 Limited suitability 
forrainfed 
agriculture 
Semi-Arid 3 or 4 months with MAl ~ 0.34 Suitable for crops 
requiring a 3 to 4 
month growing 
season 
Wet-Dry 5 or more consecutive months Suitable for crops 
with MAl ~ 0.34 requiring a 5 or 
more month 
growing season 
Somewhat Wet 1 or 2 months with MAl > 1.33 Natural or artificial 
drainage required 
Moderately Wet 3 to 5 months with MAl > 1.33 Good drainage 
required 
Very Wet 6 or more months with MAl > Very good drainage 
1.33 required 
The criteria for the climate classes and the water constraints were based on 
research which used various crop trials to develop an empirical equation for 
relative yield (Y) as a function of water availability (X): 
Y = 0.8 X + 1.3 Xl - 1.1 X, (3) 
Note that Y = 1.0 for maximum yield under prevailing conditions of fertility and 
management and that X = 1.0 for the water required to produce that maximum 
yield. In the trials, the majority of data for X was in the range of 0.30 to 1.20. The 
research showed that with X = 0.30, Y was about one-third of potential; for X .. 
1.20, Y was about 93% of maximum; and, for X = 1.33, Y was about 78% of 
maximum. Essentially, Y falls off rapidly with increasing values of X 
(Hargreaves, 1975). Consequently, regions and time periods with MAl > 1.33 
need drainage to maintain production levels. 
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IWMI (1999b) used Eq. 3 and a modified classification to map agricultural 
potential for South Asia. The modified classification uses MAl of 0.38 replacing 
0.34, and consists of the first four classes. 
MAl is also relevant in tenDS of the application offertilizer. Experience with dry 
farmed wheat in Iran indicated that fertilization was usually profitable when all 
months during the period of actual growth had MAl values above 0.33. In another 
case, a mass fertilization project in EI Salvador financed by USAID failed because 
MAl values on many of the farms were too low during the poUination period. For 
fertilizer to be worth applying to increase yields, there must first be a minimum of 
moisture. 
A Surface Runoff Atlas 
To identify areas for irrigation, drainage, flood control, or hydropower projects, 
planners need to know how much surface runoff to expect and when to expect it. 
Consequently, a resource atlas of surface runoff would also be extremely useful. 
Since runoff is determined principally by rainfall and evapotranspiration, it is 
possible to estimate surface water flow from these two parameters (both are 
included in the IWMI atlas). This is particularly valuable since measuring actual 
runoff levels can be difficult. Obtaining reliable data requires good equipment, 
well-trained personnel, adequate measuring site selection, and diligent field 
inspection. In addition, flood flows are hard to measure: frequently the rating 
curve must be extended significantly above measured data points; over-bank flow 
is difficult to estimate. Consequently, in areas lacking the resources and expertise 
to make actual measurements, it is often easier and cheaper to estimate runoff. 
For a rough estimate of runoff, suitable for planning purposes, where extensive 
streamflow data are not available, the MAl climate classification can be used. For 
instance, Table 3 shows the average annual depth of runoff for the seven climate 
classifications derived from a study of 110 climate stations in the United States 
(Hargreaves and Samani, 1986; and, Geraghty, et al., 1973). 
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Table 3. MAl-Based Runoff Estimations 
Climate Avenge Annual 
ClassificatioD Runoff Depth (mm) 




Somewhat Wet 290 
Moderately Wet 440 
Very Wet 935 
By classifying the local climate, reasonable typical runoff values can be obtained. 
More accurate local estimates can be made by regressing the 75% probability 
stream flow (Q,s) with the average monthly MAl occurring 15 days earlier 
(Hargreaves and Merkley, 1998). In a study of eight watersheds this yielded the 
following empirical equation (with an r'- of 0.92): 
Q" = 3.45 + 12.0 MAl (4) 
If reliable streamflow data can be obtained for a nearby area, together with the 
climatic data for calculating MAl, a similar empirical equation can be developed 
which can be used to extend streamflow estimates to surrounding areas as well as 
to estimate local responses to severe stonns. 
A resource atlas which provides worldwide values of MAl coupled with reliable 
streamflow data is needed. This infonnation, with the tools to analyze it, would 
enable planners to estimate typical local runoff as well as plan for extreme 
weather. 
Other Resource Atlases 
Several other land and water resources atlases are needed. These include: extreme 
rainfall, soils, and topography. Much of the data needed for such atlases exist in 
dispersed form. or collccted without the tools to use them. For instance, a 
topographic atlas with a simple means of calculating slopes for a local area and, 
thus, identifying potential erosion problems would enable planners to selcct better 
sites for development projects and identify the potential costs associated with 
development there. An atlas of extreme rainfall possibilities would allow 
developers to calculate minimum parameters for various construction projects: the 
Planning to Meet Future Water Needs 
minimum capacity for a canal, the minimum strength of bridge pilings, etc. A 
soils atlas, using standardized soils classifications, would be useful for both 
irrigation and construction. 
Ideally, publicly funded international organizations (FAO, for example) would 
take on two tasks. First, they need to compile, maintain, and regularly update the 
data needed for these atlases; most importantly, these data need to be gathered on 
a consistent and world-wide basis. Furthermore, they need to make these data 
available in open, standard formats that will allow anyone to make use of the data 
(i.e., no proprietary data formats designed to force users to use a specific software 
package); in the world of the internet this would probably best be done with 
online databases, with published table structures and definitions, which could be 
accessed by anyone over the network with standard SQL database queries. 
Second, these organizations need to act as a clearing-house for the tecluriques 
used for analyzing the data. There should be approved, standard methods of 
analyzing the data for estimating extreme rainfall events, forecasting typical 
surface runoff, calculating evapotranspiration, etc. This way planning for various 
parts of the world, both costs and benefits, can be more eaSily compared. 
However, the software to apply these methods can and should be developed in the 
private sector, where market forces will encourage competition, resulting in 
cheaper software, the continued adoption of new technology, and rapid responses 
to changing user needs. 
SUMMARY AND CONCLUSIONS 
The need for increasing water resource development is urgent. Without an 
accelerated rate of development, poverty, hunger, insecurity, and the degradation 
of the natural environment will increase. By 2050, if present trends continue, the 
world will be a place where severe droughts create intractable political conflicts in 
dry areas and severe floods destroy farms, infrastructure, and lives in wet areas. 
Groundwater supplies will have been pumped disastrously low and remain 
unreplaced. Potential irrigable lands will continue untilled and unproductive. 
Steep slopes will have been denuded, farmed, and abandoned to erosion. Forests 
will have been burned to open clearings, to plant crops for a year or two, and then 
vacated in favor of newly burned tracts of forest. In fact, through lack of use and 
support, the world may have lost the institutional capacity to develop our water 
resources. The ability to feed the world's population will have been severely 
damaged. 
Unlike Thomas Malthus, the world need not peer blindly into a bleak future. In 
the two centuries since he published the Essay on the Principle of Population. the 
number of people in the world grew six-fold, from one billion to six billion 
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(National Geographic Society, 1998a). Nevertheless, over that period, the human 
race did not experience a worldwide Malthusian crisis of spiraling population, 
dwindling resources, and, as a result, declining levels of prosperity. Instead, there 
were immense increases in agricultural yields, industrial production, and, more 
importantly, populations in the developed nations of the world were stabilized. 
The lesson to be learned from the past two hundred years is that, although 
basically correct, Malthus did not see some of the subtleties in the connection 
between population and prosperity. Most notably, he did not realize that rapid and 
widespread economic development could tame population growth. If prosperity 
can be extended to the developing nations of the world quickly enough, their 
populations will stabilize and the poorest people will no longer be forced to the 
economic margins. With this process completed, there is every reason to believe 
that the world will face a future with enough resources to provide everyone with 
healthy, productive, and meaningful lives. Certainly, there are many complex 
obstacles blocking the way to world-wide prosperity. None is insurmountable. A 
concerted effort to inventory global resources-land as well as water-and to manage 
them in a careful, responsible fashion would be a beneficial first step. 
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TRACING THE HISTORY OF THE DEVELOPMENT AND MANAGEMENT 
OF TWO IRRIGATION SYSTEMS IN TIIE TERAI OF NEPAL 
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ABSTRACT 
Significant effort has been placed on increasing irrigated area, agricultural 
performance and improving overall irrigation system performance. Sometimes, 
these efforts are successful, but often frustrations are met. A wide variety of 
experiences have been gained, but unfortunately many of these experiences are 
not well documented. These are lost learning opportunities. 
The purpose of this paper is to trace the history of two irrigation systems in Nepal 
to help fill this gap in recording experiences. The two study systems are the 
Khageri system serving about 3,900 ha and the West Gandak system serving 
about 10,300 ba. Both systems are located in the terai, the plains of Nepal, and 
were originally constructed in the 19605 and 70s. They are run-of-the-river 
systems, originally designed to provide supplemental water to paddy during the 
monsoons. Main and secondary canal systems were provided for both, and 
farmers were expected to construct the tertiary system. Both systems have 
undergone significant modernization of infrastructure and institutions to provide 
better flow control for paddy irrigation and, at West Gandak. for winter crops. 
Recent efforts have been to increase the involvement of farmers in managing the 
irrigation system through a management transfer program. While partial success 
has been achieved, sustainability remains uncertain. 
This presentation tracks the development history of the systems, showing 
significant changes and their consequences on performance. We demonstrate that 
a balance between institution and infrastructure development must be achieved for 
success. We show the need for effective institutions to support local managing 
agencies. Future development paths are suggested. The experiences of these two 
systems, while in many ways unique, are also in many ways typical of irrigation 
development. 
I IWMI NepalReseardt Coordinator, Intematiooal Water Management Institute (lWMI), GPO 
8975 EPC 416, Kathmandu, Nepal. 
2 Project MlDager, Davids Engineering, I m Picasso Avenue, Suite A, Davis, CA 9S616-0SS0. 
, Research Leader,lniptioa and Water Resources Program, International Water Management 
Institute (lWMI), PO Box 207S, Colombo, Sri Laaka. 
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IRRIGATED AGRICUL TIJRE DEVELOPMENT IN NEPAL 
Nepal's agricultural sector contributes about 40% to the total gross domestic 
product (GDP) and 81.2% of the total population (about 22 million) is engaged in 
agricultural activities (HMG/N, 1999). The agricultural sector has experienced an 
arulUal agricultural production growth rate of 1.7% over the last two years and per 
capita growth of agricultural GDP of 0.5% (HMG/N, 1998). Nepal continues to 
emphasize agricultural development to increase food security (HMGIN, 1998). 
Irrigation is vital for achieving higher returns from agriculture. Run-of-the-river 
surface water schemes irrigate about 861,580 ha (82%) of the total 1,055,617 ha 
of irrigated area in Nepal (HMG/N, 1998, p 520). Optimal performance and 
sustainability of these irrigation schemes are crucial to increased agricultural 
productivity and increasing farmer income. 
Farmers in Nepal have a long tradition of constructing and managing irrigation 
systems under their own collective initiatives. In the 171h century, an edict of King 
Ram Shah stated that irrigation and its management were the responsibilities of 
the community (Pradhan, 1989a). Thus, Nepal has a strong tradition of 
community-directed irrigation development and management 
These systems number in the thousands, serving about 75% of the total irrigated 
area in the country (prasad, et al, 1998). They are typically are run-of-the-river 
systems diverting water by means of temporary brushwood diversions or earthen 
dams. The canal networks are unlined with few water control structures. These 
systems require frequent maintenance by the farmers. 
Historically, the state also has been associated with the task of irrigation 
development, albeit the number of systems has been much less. It is only in the 
last 40 years that the state has become a major player in irrigation development. 
During this time, Nepal's Department of Irrigation (DOl) has undergone 
numerous administrative changes, along with changes in development philosophy. 
As we trace the history ofKhageri and West Gandak irrigation systems, we can 
see the effects of these changes on irrigation system performance. The difficulties 
that both the farmers and the government have had adapting to the changes win 
also become evident. 
KHAGERI AND WEST GANDAK. IRRIGATION SYSTEMS 
Khageri was built by DOl with the farmers expected to develop the tertiary level 
canal system (fable 1). Under the management transfer program, all of its 
secondary canals have been turned over to water users association (WUA) for 
their regular operation and maintenance (O&M). The average area of transfer unit 
Irrigation Systems in the Terai of Nepal 
is 142 ha. The main system is under joint management ofNarayani Lift Irrigation 
Office of DOl and the Khageri WUA. 
Table 1. Salient features ofKhageri and West Gandak. 
Details Khager; West GandoJc 
Location Central Plains Southwestern Plains 
Construction 1961-68 1976 
Design Discharge Bcumecs 8.5 cwnecs 
Design Area 6000ha I0300ha 
Soun:e Khageri Riyer Narayanl River 
Average Annual IB32mm 1463 mm 
Rainfall 
Annual Water 62 million cubic meters 64 miUion cubic meters 
Diversion 
SystclD Type Run of the nver, weir WIth side Run of the river, ~e with 
intakc,no storage side intake, seasonal storage 
Length of Main Canal 23km 32km 
Total Canal Length 90 Ian 740km 
TumoutType Gated Outlets Gated Outlets 
WItrs Measurement Along Main Cana1 Main and Secondary Canals 
Measurement Type Structures calibrated gages Structures calibrated_gages 
Farm Famtlies 5578 7500 
LandOwners 90""' 80""' 
Average Farm Size O.7ha 1.4 ha 
Water Rights At System Intake, within system At System Intake, within system 
farmer rights not legally farmer rights not legally 
established established 
Water Distribution Roughly in proportion to area Roughly in proportion to area 
Prior to construction of the West Gandak Irrigation System, some farmer-
managed irrigation systems were taking water from small drains and rivers lying 
within the present service area (Mishra and Molden, 1996). The Indian 
government constructed the main, branch and minor canals greater than 620 lis. 
Farmers were expected to develop infrastructure with smaller capacities. The 
system, except the intake, was fully transferred to the WUA in November 1997. 
Accordingly, the WUA is carrying out operation and maintenance. Before the 
transfer, Nepal West Gandak Canal Irrigation Office of DOl managed the system. 
CHANGES IN MANAGEMENT INSTInmONS AND INFRASTRUCTURE 
Early Years <Construction to 199I> 
During this time, both systems were under agency management. DOl was 
responsible for the collection of water use fees from the farmers, and operation 
and maintenance of the main and secondary canals. Although the farmers did not 
concern themselves with the O&M of the main and secondary systems, they did 
mobilize labor to make repairs in some extraordinary situations. Also, although 
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DOl was to be collecting water use fees, the total collection was nearly zero 
(prasad, et al, 1998). 
Operation and maintenance at the tertiary level arid below was the responsibility 
of the farmers. Also, the agency did not take an active role in assisting the 
farmers to organize. 
A change in philosophy occurred in the 19805 when it was felt that the major 
constraint to irrigation performance was lack of development and farmer 
management of tertiary infrastructure4• The West Gandak system experienced a 
transfonnation from 1982 through 1989, due to the Command Area Development 
Project (CADP) implementation. The purposes ofCADP were to increase: 1) 
water utilization. 2) farmer involvement in construction of tertiary structures and 
system management, and 3) the living standards of fanners. The project designed 
and built farm ditches serving 7-12 ha and developed water user groups to 
facilitate system management. 
Although farmers were expected to participate in O&M as part of the CADP, 
most water user groups were not formed until near the end of the project Thus, 
during the years of the project and also after the project O&M was mainly 
perfonned by DOL 
Joint Management (1992 to 1994) 
In 1992, the DOl initiated a Joint Management (1M) program in both the Khageri 
and West Gandak irrigation system to allow the farmers to playa greater role in 
system management. The 1M program was expected to reverse the deteriorating 
conditions in the systems (Laitos and Shakya, 1992). It involved the creation of 
system-wide water users associations (WUA) at both systems. The program 
focused on structural improvements in the physical system, and efforts to build up 
the farmers' institutional capacity for effective participatory irrigation 
management. The WUA was also given a legal status through registration with 
the government's administration office under the prevailing law. 
As part of capacity-building efforts, various kinds of training programs were 
organized by the DOl for farmers, farmer leaders, and DOl personnel on different 
aspects of irrigation system management. Farmer participation was sought at all 
levels of system management. The main activities carried out jointly by the 
agency and the fanners included preparing operational schedules and limited 
conflict management. 
, Tertiary infrastructure includes canal conveyance, reguIItion IDd control sttuc:turea to denver 
wiler to farms, IS opposed to main IDd secondary CIIIIls tbat deliver to the tertiary 1)'IIan. 
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Farmers participated in the maintenance and system improvement construction 
management and contributed labor, or fees to these activities. However, the fmal 
O&M decision remained with DOl during this program. 
Irrigation Management Transfer Project (1994 to 1998) ~ 
In 1994, both systems were selected to be part of the Irrigation Management 
Transfer Project (IMTP) ofDOI. The project emphasized transfer of irrigation 
management responsibilities over to the organized farmers while improving the 
system's physical condition (CADI, 1995). The aim was to gradually transfer the 
management of canal networks up to the secondary level to the WUA. The 
headwork and main canal were to remain Wlder the joint management of the 
irrigation agency and the WUA. The WUAs were allowed to retain a portion of 
the collected fees for covering the O&M costs of the part of the system they were 
managing. 
Again, the paths of these two irrigation systems diverge. At Khageri, the WUA 
has assumed the full management responsibilities of the canal networks up to 
secondary level and the headwork and the main canal are being canal jointly 
managed with the irrigation agency. The WUA fixes the operational schedules in 
the branch canals and has a greater voice in operational decisions at the main 
canallevel. The WUAs are maintaining the secondary canals and also 
contributing more resources to the main canal maintenance. The WUAs also 
contributed to the cost of system rehabilitation. 
At West Gandak, the fanners were eager to take over the management of the main 
canal also. Based on the past performance of the West Gandak WUA, DOl 
decided to hand over the main canal in November 1997. Since then, the WUA has 
been managing the entire system by itself with the exception of the intake gate. 
DOl operates the intake gate to match the WUA's water allocation schedule. The 
WUA mobilizes farmer labor for maintenance. It also uses income from fees, 
penalties, land rental and canal bank trees and service road tolls. 
Both WUAs are expected to receive technical and some financial support, 
especially in case of emergency, from the government in the future. Farmers 
often give feedback that government support systems are weak. 
Major changes in legislation and the events that have taken place in these two 
systems are summarized in Table 2. The table shows the shift from construction 
to management and the government's response in changing legislation. 
'Pbue I oflMTP. Boyood 1his, oaIy post tnmsfer supports would be extended in these systems. 
Pbue n of IMTP will c:onc:eaIrate on tho OCher eight systems. 
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Table 2 Major events at Khageri and west Gandak 
Year Changes m Legislation Major Evcots in 
Khageri west Gandalc 
1961 - Construction begins -
1963 Irrigation Act 2018 providing legal - -
provisions concerning water use, 
construction and maintenance of 
canals, distribution of water, 
collection of water charges, etc. 
1967 Irrigation, Electricity and Related Construction ongoing -
Water Resources Act, 2024 with 
legal provisions related to 
irrigation, electricity production, 
and other matters concerning water 
resources 
1968 - Construction -
completed 
1974 Introduction of Canal Operation - -
Regulation to govern water use for 
irrigation 
1976 - - Construction 
completed 
1979 - - India banded over 
the system to Nepal 
1982 - - Commcocemcot of 
CADP 
1988 New working policy on irrigation - -
developmcot through participatory 
approach and enactmcot of 
Irrigation Regulation, 2045 to 
provide legal provisions for 
formation ofwatl'!' user groups, 
water distribution, water charge 
collection, etc. 
1989 - - Conclusion of 
CADP 
1992 Adoption of Irrigation Policy, 2049 - Commcocemcot of - Commcocemcot of 
clarifying the governmcot's policy Joint Managemcot Joint Management 
on participatory irrigation program program 
development and managemcot - Formation ofWUA 
and its registration 
1993 - - First WUA election First election of 
- Various training WUAand 
programs registration 
- Start of gradual 
tumOVetof 
secondaly canals 
1994 - - Conclusion of 1M - Conclusion of 1M 
- CommcocemCllt of - Commcocemcot of 
IMTP IMTP 
- Household surveys - Household SUI'VeyI 
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Table 2. Major events at Khageri and West Gandak (cont.) 
Year Changes in Legislation Major Events in 
Khageri WestGandak 
1995 - - 2nd WUA election - 2nd WUA election 
- 10int walk-thru for - MOU signing for 
identifying the rehab management 
needs transfer 
- Rehab work started 
1996 First amendment of Irrigatioa - MOU signing for - Gradual tum over 
Policy, 2049 giving. bigger thrust management transfer of secondary canals 
on participatory irrigation - Rehab works started started 
development and management 
1997 - )'. WUA election - Complete tum over 
gradual transfer begins of all secondary 
cana1s 
- Tum over of the 
main canal 
1998 DiscussIODS for revising the - -OctMbyWUA 
Irrigation Regulation started to - Post transfer 
make it more practica1 support by the 
agency 
1999 - All secondary canals -
transferred to WUA 
-O&Mofthe 
secondary cana1s by 
theWUA 
- Main canal under 
joint management 
RESULTS AND PERFORMANCE 
Kbageri Irrigation System 
Service Area: Kbageri was originally designed to serve 6,000 ha (ICON, 1995). 
An impact assessment study conducted in 1978 indicates that the system served 
only 3,714 ba (APROSC, 1978). Several studies (ICON, 1993; GITEC, 1993; 
IWMI and RTDB, 1998) show that the irrigated area has been far below the 
design area (Figure 1). However, the service area has slightly improved with the 
joint management program and IMTP. 
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Figure 1. Change in Khageri Service Area. 
Resource Mobilization for O&M: Table 3 compares the amount of resources 
mobilized by the WUA including labor mobilization during last few years to the 

















Source: DOl and WUA records. Amounts are in Nepali Rupees unadjusted for 
inflation (in 1994, $1 = Rs 47, in 1999, $1 = Rs 69) 
The WUA, thus, has been able to mobilize on an average of 40.4 % of the 
incurring total O&M costs IX>mpared to nothing before IMTP. The figure includes 
fanners' contribution to the rehabilitation works under IMTP. Nevertheless, from 
sustainability point of view, the resource mobilization by fanners needs to be 
further increased. 
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Agricultural Productivity: The Khageri irrigation system has experienced 
continuous increases in agricultural productivity of major crops grown in the 
service area (Table 4). Although rice varieties grown and management practices 
have also changed some over this period, much of the rapid yield increase in the 
past few years is likely attributable to improved irrigation management. 


















West Gandak Irrigation System 
Service Area: The West Gandak irrigation system was handed over to the 
Government of Nepal in 1979. At the time of hand over, the main canal system 
covered about 4,300 ha as against the targeted area of 8,700 ha. A socioeconomic 
study conducted in 1982 indicates that the total service area reached 13,200 
(APROSC, 1982). Irrigation Master Plan prepared in 1988 mentions that the 
developed service area in 1988 was 13,400 ha. Another study reports that in 1992, 
the system served only 4,000 ha (GEOCE, 1996). Yet another study just before 
IMTP mentions its service area as 10, 100 ha (GlTEC, 1993). This indicates quite 











1979 1982 1988 1992 1993 1994 1998 
Year 




366 Irrigation and Drainage in the New Millennium 
At the time of system hand over to Nepal the system was not fully developed and 
served only about half the targeted area. With the CADP, the system was able to 
serve more than the designed command area. But the area decreased drastically 
after conclusion of CADP to 4,000 ha. Again with joint management program, fhe 
service area increased to 10,100 ha. Later with IMTP, it was further increased to . 
1O,300ha. 
Resource Mobilization for Q&M: Encouraged by the labor mobilization in the 
desilting works of the main canal, farmers in West Gandak became more willing 
to contribute toward Q&M of the system. More and more fanners became 
members of the WUA and paid membership fees, share fees, and irrigation 
service fees (CADI, 1996). The resources required for Q&M of the system are 
now coming from three sources: 1) the agency as transitional financial support 
after the management transfer, 2) the farmers as various fees and penalties, and 3) 
land rentals, trees on the canal banks, canal service road tolls, etc. The resources 
in NRs. allocated by the government and mobilized by the WUA in West Gandak 
have varied tremendously over the last few years (fable 5). 











Source: DOl and WUA records. Figures are in Nepali Rupees, unadjusted for 
inflation (in 1994,$1 =Rs49. In 1999, $1 =Rs69) 
The figures include cost incurred during the rehabilitation and labor contributions 
made by farmers in the deferred maintenance works and income from other 
sources. The WUA has been able to mobilize an average of 13.5 % of the total 
Q&M cost of the system compared to almost nothing in the past. However, the 
figures still are much below the required level of resource mobilization by farmers 
for giving it continuity under the fanners' management. 
Agricultural Productivity: In general, West Gandak also has experienced notable 
increases in the agricultural productivity of major crops in the service area (fable 
4). In addition, some cash ~ps like sugarcane and oilseeds are becoming popular 
(IWMI and RIDB, 1991). Similar to Khageri, increases in yield are likely due to 
improved management, although other factors could have led to the increase. 
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Table 6. Agricultural Productivity of Major Crops in West Gandak (t/ha) 
a y eat 
199213 2.0 1.7 
1993/4 3.7 2.0 
1994/5 3.4 2.4 
199516 3.7 1.5 
199617 4.0 2.9 
1997/8 4.5 3.0 
Source: DOl records. 
Sustainability: Changes in management have not yet proven to be sustainable. 
The WUAs are changing and adapting, but it is still not clear whether they will 
survive. Resource mobilization is insufficient There is a dependency on cash 
generation from non-irrigation service related sources such as tree cutting and 
collecting road tons. Thus there is not a good link between service provision and 
resource mobilization. The strength ofWUAs is often challenged by political 
influences. Politicians try to get popular by promising free government services. 
The government bas been slow in their transfonnation to a service-oriented 
agency, thus support services to WUAs are lacking. In spite of this, the WUA at 
Khageri is most likely to be sustainable' as indicated by the mobilization of 40% 
of the O&M costs. Although at West Gandak, the WUA has been able to 
undertake management of the main canal, the mobilization of only 13% of the 
O&M costs raises sustainability questions. 
LESSONS 
We can identify three periods in Nepal's irrigation development. 
I. A pre-modem period where Nepali farmers were largely responsible for 
development and management of irrigation. 
2. A construction period between 1960 and 1990 where huge investments were 
made in infrastructure development Construction of new facilities in Nepal is 
still in progress. 
3. A period from 1990 to present where more efforts were placed on better 
management of infrastructure. 
From the relatively short 19608 to 19905, there have been many changes in views 
on development and management of irrigation. Traditionally, fanners were 
, At Panchkanya, another IMT site, Ihe WUA is progressing very well and is likely to sustain 
(SIarIltoff et aI, 1999). 
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expected to build, operate and maintain irrigation. Thousands of systems built 
with this philosophy are still functioning well, although there is certainly scope 
for improvement. 
During the construction period, the responsibility for construction and 
management shifted to the government agency. Beneficiary fanners were 
expected to pay for services received from the government. During this period, 
there was considerable expansion in irrigated area country~wide. There were 
over-optimistic estimates of area that could be irrigated, and results that could be 
achieved. As characterized by Khageri and West Gandak, maintenance proved to 
be difficult because of insufficient funding. The area served by these systems 
rapidly declined due to poor maintenance. Rehabilitation programs aimed at 
modernizing infrastructure and management were no help, as area and production 
would go up, then drop again soon after rehabilitation. There appeared to be an 
endless cycle of construction, decline, then rehabilitation, decline, and then 
rehabilitation. 
Meanwhile, during the early years of the construction phase, fanner managed 
irrigation systems were not even recognized as irrigation by irrigation officials. 
Later, important studies re-discovered these systems and found them to be 
vibrant, with farmers making decisions, and covering costs of operation and 
maintenance. It was increasingly recognized that farmers could and should playa 
more important role in managing irrigation. As characterized at both Khageri and 
West Gandak, in the 1980s, fanners were given a minor role in managing 
irrigation in primarily agency run schemes. In the t 99Os, more radical 
experiments took place where farmers assumed significant responsibilities for 
running irrigation systems. 
Approaches to infrastructure design has also changed during that period in 
modem systems, first from development of main canals delivering water to 
deliver supplemental irrigation water, to intensive development of infrastructure 
to deliver water directly to farms (called tertiary or command area development). 
Within various rehabilitation programs other experiments took place. Some 
infrastructure allowed for changes in timing and amount of water deliveries by 
relying on gated outlet systems. Others focused on simpler, but supposedly easier 
to manage infrastructure, with proportional flow dividing devices. Some 
irrigation systems in Nepal indeed look like large testing grounds for a variety of 
infrastructures. 
Since the 1960s, policies for development and management have shifted course in 
large ways. Policies shifted from farmer management to agency management, 
then back. ~ture designs changed, sometimes within one system in very 
drastic ways. Irrigation officials trained in one manner of development and 
management were expected to make important changes in their attitude and 
implementation. Farmers had to adjust to an uncertain environment in 
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development. How could they know what would happen next? It is no wonder 
that expected gains from irrigation have been less than expected. It is also likely 
that these cycles of trial and error will be repeated unless we can learn from 
lessons of the past. 
The experiment in the 19908 with turnover of agency schemes to farmers can be 
rated as a partial success. There has been an increase in productivity that is likely 
due to improved management by farmers. With resource mobilization still far 
less than required to run these irrigation systems, it is questionable whether gains 
can be sustained. Progress to sustainable and productive management at these 
turnover sites has been much slower than expected. Perhaps this is not surprising 
when farmers have passed a period where there have been so many changes in 
policies and philosophies of management. 
Some lessons derived over this time period are that: 
• Development efforts focusing on infrastructure can easily lead to expensive 
and non-productive cycles of construction, decline then rehabilitation, decline 
then rehabilitation. This is a cycle that needs to be broken. 
• Farmers of Nepal clearly have the capability of developing and managing 
irrigation. While this was ignored in the past, it provides an important 
component of Nepal's development. Right now finding the right mix of 
farmer management and government support is important. 
• Recovering from the cycle of construction and rehabilitation has been 
positive, but much more difficult than perceived. It is vital to get new 
irrigation development started right. It is also important to continue efforts to 
improve management - of both fanners and government - in these systems. 
Clearly, development ofNepa1's water resources is critical for the countly's 
development. It should be expected that there is much trial and error to get the 
development process right. Somehow we have to reduce the time it takes to reach 
the potential for managing these systems. One important part of the process is to 
document and understand trial and error and success and failure to make sure we 
improve how development takes place. 
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SECONDARY WATER SUPPLY MANAGEMENT FOR 
IRRIGATION DISTRICTS AND CANAL COMPANIES 
John Wilkins-Wells l 
ABSTRACT 
One of the more important business practices over the 
years in larger multipurpose water districts has been 
the delivery of untreated water for lawns and gardens. 
This is generally in addition to traditional irrigation 
water deliveries. With rapid urbanization occurring in 
many rural agricultural counties, even smaller 
irrigation districts and canal companies are beginning 
to provide such service to small acreage subdivisions 
and a variety of other non-agricultural water users 
(golf courses, parks, etc.). It is a business 
innovation stemming from urbanization in traditional 
and, for the most part, prime irrigated lands 
throughout the West. This paper presents two case 
studies of untreated water delivery for lawns and 
gardens by such enterprises. It discusses some of the 
issues surrounding the development of this practice, 
the costs and benefits of engaging in this kind of 
water service, and what opportunities and constraints 
lay ahead for this business practice in the future. 
SECONDARY WATER SUPPLY SYSTEMS 
Secondary water supply management, or raw water 
delivery through open ditches or small pipelines for 
non-potable domestic use, such as for lawns and 
gardens, is an old tradition in the West. Irrigation 
1 Assistant Professor, Senior Research Scientist, 
Department of Sociology, Clark B258, Colorado State 
University, Ft. Collins, CO, 80523. Much thanks is 
owed to the following for information on these case 
studies: Floyd Baham, Manager, Davis and Weber Counties 
Canal Company, 138 West - 1300 North, Sunset, UT 84015; 
Lee Cammack, Area Manager, J-U-B Engineers, Inc., 
Kaysville, Utah; Monty Nelson, Operations Manager, 
Kennewick Irrigation District, 214 West 1st Avenue, 
Kennewick, WA 99336. 
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districts and canal companies in California and Utah 
were providing lawn and garden water on a limited basis 
as early as the turn-of-the-century, in addition to 
their normal service of supplying water for irrigated 
agriculture (Hutchins, 1936). 
In the face of declining irrigated farm income in many 
areas, this type of water service has the potential to 
prolong the viability of prime irrigated lands in areas 
experiencing virtually uncontrolled urban growth. This 
will be shown in the two case studies. At the same 
time, secondary water supply management provides much 
needed revenue to improve current irrigation facilities 
(canals, headgates, etc.), and water conservation 
through better record keeping, computerized water 
accounts, billing and other day-to-day business 
practices. Secondary water supply management appears 
to enhances the business operation of these traditional 
enterprises. 
Local municipalities are greatly benefitted by 
secondary water supplies of this nature, by not having 
to build as many expensive water treatment facilities 
to meet what are generally brief peak demands for urban 
outdoor needs during the relatively short summer 
growing season, particularly in the Rocky Mountain 
region. Some community education in the use of 
untreated water for outdoor use is implied. However, 
it is often a win-win situation if irrigation 
enterprises and municipalities can cooperate with each 
other to develop such systems, if start-up capital can 
be secured, and there is an appreciation among 
municipal and county leaders about how this kind of 
water delivery helps maintain diverse land uses in 
urban corridors. 
At the same time, interviews with canal company and 
irrigation district representatives indicate some mixed 
feelings about this secondary supply concept (Wilkins-
Wells, 1999). Some argue· that it may promote even 
faster urban sprawl onto irrigated lands. Yet, urban 
growth onto irrigated lands may have more to do with 
county and municipal land use policies and codes than 
it does with any kind of innovative raw water service 
provided by traditional irrigation enterprises. Let us 
briefly review the issue of urban sprawl before 
examining our two case studies of secondary supply 
systems. It has a bearing on the value of these 
systems. 
l 
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IRRIGATION ENTERPRISES AND URBAN SPRAWL 
Urban sprawl has importance to the two case studies 
because it is believed to be contributing significantly 
to the cost of operating an irrigation enterprise today 
(Wilkins-Wells and Coulter, 1999). Control of urban 
sprawl continues to be a major issue for county and 
municipal governments throughout the nation (American 
Farmland Trust, 1999). Although long an issue for the 
more populous West Coast states, many prime ' irrigation 
counties in the Rocky Mountain region are now facing 
rapid urbanization onto priceless irrigated lands. 
Nelson (1990), in an important theoretical discussion 
of farmland preservation techniques and their 
effectiveness in slowing urban sprawl, concluded that 
such practices as tax incentives, right-to-farm 
legislation, acquisition and/or transfer of development 
rights, agricultural zoning and various combinations of 
such policies, although suggestive, still lacked real 
empirical evidence as to their effectiveness. More 
recently, Geisler (1999) argues that urban sprawl may 
be more a function of who owns agricultural land than 
anything else. Transfer of farm ownership out of the 
hands of farmers and into the hands of corporate (non-
agricultural) owners can lead to more rapid urban 
sprawl. 
One of the issues that links urban sprawl not only to 
the loss of prime irrigated land, but to the increased 
costs of operating irrigation districts and canal 
companies, is the amount of farm income that is 
believed to be subsidizing urban sprawl. Although 
rarely researched, we may examine for a moment how this 
works ~ith irrigated agriculture. It is a troubling 
trend for irrigated farm income and the preservation of 
prime irrigated lands in the West. 
Irrigation enterprises can be said to have four kinds 
of operating costs today. We may refer to these as: 1) 
bond, loan or federal repayment contracts for 
infrastructure development and/or major improvements; 
2) annual costs borne 'by these enterprises on their own 
account, which generally includes direct 
a~inistrative, operation and maintenance costs 
associated with delivering water to farms; 3) pass-
through costs represented by costs imposed on 
irrigation enterprises as a result of urbanizing trends 
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in the vicinity of these enterprises, but for which 
these enterprises are effectively reimbursed through 
one-time service fees and special water rates they 
charge for provisioning subdivisions and other non-
agricultural water users, and; 4) non-pass-through 
costs that are imposed on these enterprises by 
urbanization, but for which they are generally not 
reimbursed. 
Examples of the third category of costs, pass-through 
costs, are typically represented by what secondary 
supply systems do for irrigation enterprises in their 
adaptation to urbanization. More on this in a moment. 
Examples of the fourth category of costs, non-pass-
through costs, and where farm income is actually 
drained off to subsidize urban sprawl, include those 
for increased irrigation enterprise liability 
associated with subdivision development, and problems 
of maintaining, protecting and ensuring routine access 
to canal rights-of-way. Other costs in this fourth 
category include removing urban trash from canals, 
damage to canal systems from urban storm runoff, urban-
related vandalism to irrigation enterprise equipment 
and facilities, and demands to bury open ditches iQ 
pipeline to accommodate subdivision needs. 
Still other examples of these non-pass-through costs 
include a growing percentage of irrigation enterprise 
employee time (and therefore salaries) going to address 
problems and complaints from subdivision dwellers, and 
city and county requests for special action such as 
maintaining vegetation along canals at some specific 
height to accommodate urban -dwellers, or requiring 
these enterprises to assess potential drainage and 
crossing issues affecting subdivision development; 
generally with little or no compensation for the time 
spent by enterprise employees in assessing these 
issues. 
These and a host of other costs--by and large absent 
from irrigation enterprise budgets twenty years ago--
are now routinely borne by irrigators, in whole or in 
part, through the water assessments, or in the case of 
irrigation districts, district land taxes, that these 
irrigators annually pay to operate and maintain their 
irrigation facilities. In short, farm income is 
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subsidizing urban sprawl. 2 
Non-pass-through costs borne by these traditional 
irrigation enterprises are growing at an alarming 
rate. 3 Valuable farm income is lost to these 
urbanizing influences. One of the principal causes of 
this trend appears to be county and municipal land use 
codes that provide little protection to irrigation 
district and canal company lands and rights-of-way. 
Development plans submitted to county planning offices 
frequently affect irrigation enterprises very 
negatively, and without any real means of compensating 
irrigation enterprises for impacts associated with 
subdivision development and other externalities created 
by urban sprawl onto previously established irrigated 
lands. 
Urban sprawl is a complex social, economic and 
political issue (Daniels and Bowers, 1997). However, 
when it comes to irrigation districts and canal 
companies, urban sprawl is clearly subsidized by farm 
income through these non-pass-through costs. It is 
true that urbanization around irrigated lands can 
clearly improve the equity of farms in many instances 
through increased land values, and this is desirable to 
many farmers. However, lowered farm income due to the 
many subtle affects of urbanization on the farm 
operation, such as increased non-pass-through costs 
associated with water allocation, may encourage 
somewhat more land speculation on the part of 
irrigators, to the exclusion of capital improvements to 
farms. Current research is underway to assess these 
relationships. However, what is important here is that 
this process may be, in part, ameliorated by these 
traditional irrigation enterprises entering into 
secondary water supply management. 
2 A current follow-up study to the Irrigation 
Enterprise Management Practice Study recently completed 
for the u.s. Bureau of Reclamation by Colorado State 
University is examining this cost in more detail. This 
cost to farmers is estimated to be in the tens of 
millions of dollars in lost farm income annually in the 
Rocky Mountain region 'alone. 
a Why the irrigation community has not reacted to 
this trend more assertively, demanding compensation for 
lost farm income, is puzzling, although many 
enterprises are now beginning to assert their concerns 
to local county commissioners and municipalities. 
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Two enterprises are informative in this regard. Both 
are predominately agricultural in the traditional sense 
of the word, but they are attempting to accommodate 
urban sprawl in the best way possible. They do so, in 
effect, by ensuring that costs associated with urban 
sprawl are pass-through costs (category three above), 
rather than non-pass through costs (category four). 
This will become apparent in discussing how these 
secondary supply systems are set up, financed, and 
operated. The first is the Davis and Weber Counties 
Canal Company of Sunset, Utah. The second is the 
Kennewick Irrigation District of Yakima, Washington. 
Again, both of these are predominately agriculture 
water providers. 
THE DAVIS AND WEBER COUNTIES CANAL COMPANY' 
The Davis and Weber Counties Canal Company (D&WCC) was 
officially established in 1894. A predecessor 
organization goes back to the early l870s. The company 
was conceived and constructed with one purpose in mind, 
to provide reliable water supplies to farmers. It has 
been fulfilling this goal for over 100 years. 
Approximately 18,000 of the original 40,000 acres of 
prime irrigated land under the canal company still 
continues to be served, despite rapid urbanization in 
Davis and Weber counties. 
Davis and Weber counties have always been important 
diary, fruit and grain producing counties in the 
intermountain region. However, things have been 
changing in recent years. Since the late 1970s, these 
counties have become largely urbanized. Yet, there is 
still important agriculture in th~ area, as well as a 
highly valued rural life style on the outskirts of 
Ogden and Salt Lake City. 
Prior to 1940, almost 100% of D&WCC water supplies were 
used for irrigation purposes. However, the transition 
from agricultural land to residential subdivisions 
began after the war. In 1985 the canal company's board 
of directors' and m?nagement began to investigate the 
potential for alternative uses of irrigation water in 
its service area. This was partly driven by the need 
• Adapted in part from Davis and Weber Counties 
Canal Company annual reports. 
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to find additional sources of revenue to improve the 
agricultural water delivery system. 
Special water rates for residential areas would be 
developed to finance a secondary water supply system, 
while at the same time financing the upgrade of the 
larger irrigation system that served both agricultural 
and residential water users. Clearly, first and 
foremost in the minds of farmers was to keep water 
attached to the canal company service area. However, 
providing raw water delivery for lawns and gardens 
could produce valuable new sources of revenue for the 
canal company to upgrade its aging irrigation system. 
In April of 1985, a local firm that provided D&WCC 
engineering services for many years was hired to 
prepare a feasibility study on raw water delivery for 
lawns and gardens within the canal company's service 
area. After this study was completed, a series of 
meetings were held with local cities. These meetings 
were designed to acquaint cities with possible new 
options in coping with their growing demand for 
expensive treated water. 
To place lawn and garden watering under non-potable 
sources would greatly relieve the cities of the 
increasing cost of using treated water for the same 
purpose. Municipal water treatment systems were often 
designed to accommodate the peak demand for outdoor 
water use during the summer months, and at a great cost 
to the cities. The idea of a canal company providing 
raw water to alleviate the need to design potable water 
systems for this peak summer usage looked like a win-
win situation for everyone. 
During 1986 and 1987, the D&WCC Board of Directors and 
its management staff continued to investigate avenues 
available to the canal company. Interest from the 
cities continued to grow. In February 1988, a special 
canal company stockholder's meeting was held in which 
66% of the total voting shares of stock were 
represented. At this meeting, 65% of the company stock 
voted in favor of D&WCC entering into a loan with the 
Utah Division of Water Resources to a maximum amount of 
$35,000,000. This loan was needed by the canal company 
to finance the up front basic infrastructure required 
to begin providing secondary supply service to local 
municipalities. This included building small, one 
acre, reservoir storage facilities to pressurize 
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portions of the secondary system. In return, D&WCC 
pledged up to one-half acre foot of water per share of 
company stock for use in developing the secondary water 
system. Only one percent (1%) of those present voted 
against this 1988 board resolution. It was a very 
popular idea. 
In April 1988, D&WCC officially applied to the Division 
of Water Resources for funding. In August of the same 
year, the agency approved funding for the D&WCC 
secondary water project in the amount of $38,000,000, 
including the first phase of the project that would 
serve Kaysville City, Utah. An agreement was signed 
with Kaysville City, and contracts were awarded in 
September of 1989 for a small reservoir east of Highway 
89, along with the secondary supply pipelines to serve 
Kaysville City. 
In December 1989, land was purchased in Layton, Utah 
for another small reservoir site, and in May 1990 D&WCC 
purchased property in the City of Sunset to construct 
another small one acre reservoir. Additional 
construction was completed through 1992. In summary, 
three surrounding communities now receive some 
secondary water supply service from D&WCC. 
An agreement was entered into by D&WCC with each qf 
these cities spelling out ordinances, mutual covenants, 
canal company maintenance procedures, city obligations, 
fees and assessments, and rate adjustments for future 
users. Presently, the city collects and remits fees to 
the canal company by first billing the secondary supply 
water user (homeowner) an initial connection fee, then 
the annual water fee. The city also collects a nominal 
fee per homeowner account for administrative costs. 
The canal company does not have to bill the secondary 
supply water users. It just receives a check for the 
annual fees collected by the City for the service. 
These secondary water supply fees are used not only to 
pay back the loan from the state agency, but also to 
continually upgrade the canal company's agricultural 
water supply system. In the process of developing this 
new service, and to relieve the burden of local 
municipalities expanding their own domestic water 
service for lawn and garden water, the canal company 
has , fallen upon a new source of revenue to help finance 
a much needed rehabilitation of its irrigation system. 
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Again, Davis and Weber still provides agricultural 
water service to more than 17,000 acres of prime 
irrigated land. This land is being kept in production 
despite considerable urban sprawl in the county. 
Farmers continue to farm and the irrigated lands are 
much valued for their production, open space qualities, 
and the mixed economy they provide to the counties. 
SECONDARY SERVICE CONNECTIONS 
A typical secondary supply service connection consists 
of a pipeline being constructed down the middle of the 
residential street serving a small housing subdivision. 
An extension is then tapped into this street pipeline 
from the planter strip along the curb. One-inch 
pipelines are then extended from this planter strip 
water connection to individual households. A ~-inch 
riser, painted red and tagged as non-potable water, is 
the service connection for the household. Education 
programs in the use of outdoor raw water connections 
are organized by the cities. 
Cities cooperating with D&WCC have passed local 
ordinances governing the overall management of the 
secondary water supply system. These ordinances 
protect the canal company from liability. The 
developers of subdivisions receiving secondary water 
supply are largely responsible for acquiring the water 
to develop their subdivision. Developers convey to the 
Davis and Weber County Canal Company, upon payment of 
fair market value for such water rights, a minimum of 
three (3) acre feet of water per gross acre of newly 
developed land to be served by the secondary supply 
system (e.g., the total area of the subdivision lot 
prior to any improvements or development). 
New service must be pre-approved in writing by the 
canal company prior to a city issuing a building permit 
to the developer. All construction and drawings of the 
secondary supply system must be in accordance with the 
canal company's standards and approval. Finally, the 
pressure irrigation facilities constructed for delivery 
of raw water to new subdivisions or developments are 
transferred to the canal company with a- twelve (12) 
month warranty by the developer. 
Rules and regulations, and a community education 
program in the use of raw untreated water, have been 
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developed in cooperation with the canal company and the 
cities now being served. Guidelines for property 
owners have been carefully designed to protect the 
water user as well as the property of the canal company 
and irrigated farms from non-pass-through costs 
(category four costs) . 
THE KENNEWICK IRRIGATION DISTRICTs 
Irrigation in the area now served by the Kennewick 
Irrigation District (KID), Yakima, Washington began in 
the late l800s. The district was officially organized 
in 1917. Farmers are still the primary customers in 
the irrigation district operations plan. 
The district has 88 miles of canal, four ditch riders, 
and a maintenance crew of 6. There are 19,171 water 
accounts in the district. Household water is normally 
from wells, and some water is pumped directly from the 
Columbia River. However, KID draws its main water 
supply from the Yakima River, as do 7 other neighboring 
districts. Like a typical irrigation district, KID 
delivers only raw water. It is not involved in 
managing a potable domestic water supply system for 
anyone in its service area. 
Water users who have been managing small amounts of raw 
water for lawns and gardens at an old irrigation 
turnout or lateral, approach the Kennewick Irrigation 
District about forming a Local Improvement District. 
These are referred to locally as "LIDS." A local 
improvement district is like a small incorporated 
lateral or homeowners association, but in this case it 
is organized for the purpose of obtaining a reliable 
raw water supply for irrigating lawns and gardens. In 
reality, it is a subdivision that is organized into a 
LID. 
Upon a subdivision or homeowner's request to consider 
the organization of a LID, a determination is made by 
the Kennewick Irrigation District (the "mother" 
district if you will) as to the feasibility and 
desirability of such a small improvement district 
within its service area. A vote is then taken of the 
people affected by the proposed improvement district. 
Adapted in part from Kennewick Irrigation 
District reports and newsletters. 
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The "voting public" in this case might consist of a 
small subdivision of 50 households. 
If the resolution passes among the water users affected 
(e.g., homeowners), Kennewick Irrigation District then 
assists the small improvement district in finalizing 
its membership. However, the newly proposed LID must 
be approved by the Kennewick Irrigation District board 
of directors for the cost, because the mother district 
(Kennewick, that is) finances the cost of developing 
the LID. In one example, the Kennewick Irrigation 
District lent $100,000 to a new local improvement 
district to develop its secondary supply system, 
amortizing the cost for the LID homeowners and charging 
some interest. 
The development costs and annual operation costs of the 
secondary supply system for the local improvement 
district is obviously tied to the number of members in 
the LID. These operation costs are prorated across all 
members. Generally, the more people there are in a 
LID, the cheaper the raw water for each homeowner. 
Thus, the cost of untreated water service varies from 
one LID to the next. 
The Kennewick Irrigation District system comes right 
into the local improvement district with a ~-inch valve 
from the mother district's main line. The local 
improvement district can have this connection installed 
above or below the ground. Changes or breakage are 
billed back to the local improvement district, not to 
the individuals within the improvement district. 
Again, these local improvement districts are like small 
affiliated homeowners associations, or incorporated 
laterals in irrigated areas. The Kennewick Irrigation 
District only interacts ·with the LID as an association, 
not with single individuals in the association. The 
LID also pays for its own street cutting and road 
repairs. If a line breaks in the road, the local 
improvement district pays for those repairs too. 
CONCLUSION 
In summary, canal companies and irrigation districts 
are entering into many new forms of agreements with 
cities to make more efficient use of water and to 
accommodate urban growth in innovative ways. Farmers 
express a strong desire to remain in business as long 
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as their water supply can be guaranteed, and as long as 
their irrigation district or canal company can 
effectively work with county planners, developers and 
new homeowners. Pressurized secondary water supply 
systems represent a major new form of business venture 
for traditional irrigation enterprises that can be used 
to address these challenges. In addition, these 
systems are capable of generating new revenue to 
upgrade existing irrigation facilities for agricultural 
water use and to meet new environmental concerns. 
The entry of traditional irrigation districts and canal 
companies into secondary water supply management has 
been a revenue generator in most instances. It is 
financing the upgrading of irrigation systems in a way 
that could not be achieved otherwise. It often allows 
the agricultural water district or canal company to 
have more control over its water rights too. However, 
it also raises new concerns and new demands for water 
service which are not common in irrigation districts 
and canal companies. It is certain that secondary 
water delivery to subdivisions and other fractional 
water users for non-agricultural purposes is not 
possible for all irrigation enterprises. However, it 
is clear that the potential is there for additional 
revenue sources to meet future agricultural water 
delivery needs for some time to come. 
Most of all, secondary water supply management provides 
a means of formalizing the responsibilities county and 
municipal government have toward the irrigation 
facilities, and in a way that allows the irrigation 
enterprise to be reimbursed for most non-pass-through 
costs . In fact, the process really converts or 
upgrades non-pass-through costs into pass-through 
costs, as well as improving the liability protection of 
these enterpr~ses. The down side to this practice is 
the continued urbanization of the irrigated area, an 
almost inevitable process today. However, at least in 
these instances, the irrigation enterprise is a role-
player and stakeholder in the urbanization process, 
rather than a bystander. To the degree that control 
over the enterprise's destiny is minimally guaranteed, 
secondary water supply management has its distinct 
benefits to irrigated agriculture in the face of the 
urbanization juggernaut. 
Secondary Water Supply Management 
AFTERWORD 
In July of 1999, a major break occurred in the main 
canal of the Davis and Weber Counties Canal Company 
system, seriously damaging seventy residential homes 
under the canal. Contrary to the advice of the canal 
company, and despite the service it provided in meeting 
the costs of inexpensive municipal supplies for lawn 
and garden use, and thereby saving county and municipal 
taxpayers the cost of building more extensive water 
treatment facilities, the canal company was facing a 
lawsuit for its supposed negligence in managing the 
canal. 
Like mud slides, earthquakes and other natural 
disasters, nature can take its toll on aging 
infrastructure. The problem is exacerbated by 
inadequate and often short-sighted county and municipal 
land use codes that place homeowners in harms' way 
through unrestricted urban sprawl into flood plains and 
under or near man-made water ways. A recently passed 
county land use code in a neighboring state, and one 
designed with all of the current state-of-the art 
practices of conservation easements, development 
transfer credits, and the like, showed only one 
sentence in a 258 page document pertaining to the 
business needs, liability concerns and interests of 
irrigation districts and canal systems. It is a 
testament of the times. 
Meanwhile farm income continues to decline, and water 
supplies to the farm represent a major crop production 
cost leading to this decline in farm income. Not only 
does farm income subsidize urban sprawl through a 
growing number of non-pass-through costs not addressed 
by county and municipal land use codes, but the overall 
process leads to an impermanency syndrome on the part 
of farmers to sell when the price is right, rather than 
face continued costs and liability concerns. 
Secondary water supply management can certainly lead to 
the strengthening of partnerships between traditional 
irrigation enterprises, and counties and 
municipalities, and in a way that allows continued 
mUlti-purpose land use and open agricultural space. 
However, counties and municipalities must be committed 
to protecting the economic interests of farmers and the 
traditional irrigation enterprises that serve them. 
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ROLE OF CANAL AUTOMATION AND FARMER'S PARTICIPATION IN 
MANAGING WATER SCARCITY: A CASE STUDY FROM ORISSA, INDIA 
Dr. B.P. Dasl Dr: J.M. Reddy 2 
ABSTRACf 
The Derjang irrigation project, initially planned BOO constructed to conunand 6000 
ha, experienced serious shortage and inequity in water distnbution (between 1967 
to 1993). Distress of the system resulting from unauthorized tampering by the 
beneficiaries, to a large extent, led to significant deficiency in water conveyance. A 
complete rehabilitation of the distribution system with structured zones below 
which distnbution is unregulated, BOO formation of Water Users associations 
(WUAs) bas resuhed in increased crop production and fium income. The 
hydrological data from 1967 to 1980 indicated an additional yield of 1000 ha-m 
annually which led to creation of increased live storage by installation of gates on 
open crested spillway. This bas led to a Stage II extension for creating an 
additional potential of 1800 ba. With a healthy system and WUAs functional, it has 
been possible to irrigate an additional 1400 ha in 1998. But a major concern 
continues to be the abstraction of 10 to 15% over the authorized withdrawal. 
where mecbanicaJly operated shutters are provided. To obviate such a 
contingency, canal automation in a pilot scheme for the entire conunand is being 
fomiulated and will be implemented in a 2-year time frame. This scheme would be 
a training growtd for 250,000 ha of comrDand area being rehabilitated in Orissa 
through a World Bank assisted Water Resources Consolidation Project (WRCp). 
Preliminary assessment shoWs that a good system with automation and farmers 
participation can irrigate an additional command area of 10% with minimal 
investment. 
INTRODUCTION 
The Derjang irrigation project, in the State of Orissa, was constructed in 1967 to 
provide irrigation water to a drought prone command area of 6600 ha in which . 
monsoon crops are grown over an area of 59 51 ba. A reservoir, formed by an 
I ouer Advis«, Projects, Department ofWatcr Resources, Government of Orissa, India. 
2 Professor, Dqlartment of Civil Engineering. Colorado Slate University, Fort Collins, Colorado; 
and Inl Training Consultant for th~ W&tcr Rcsourccs Coosolidatim Project, Orissa, India. 
387 
388 Irrigation and Drainage in the New Millennium 
earthen dam, was built across the river Ningra, intercepting a drainage area of 399 
sq km, and bas a live storage capacity of 4640 ha-m. 
The average monsoon rainfall over the basin is 1000 mm, but varies in a range of 
700 to 1400 nun with considerable erraticity in the months of July, September and 
October (Table 1). 
Table 1. Typical distribution ofrainfall 
Useful 
Raiofiill Variability, nun Average Rain1itlI, 
Month Rain1hl1, nun 
minimum maximum 
mm 
June 100 1SO 130 30-100 
July 100 400 300 100-300 
August 1SO 400 3SO 110-300 
September 75 1SO ISO 50-130 
October SO ISO 70 O-SO 
As the predominant crop grown in the monsoon is rice (long duration), which 
needs at least 150 mm of effective rainfiill in July for transplantation and 150 nun 
in September and October for flowering and maturity, scarcity is invariably 
experienced in drought years (total monsoon rainfiilliess than 800 mm) which have 
a recurrence interval of 1 in 3 years. The problem of equitable distribution of water 
particularly to meet the crop water need in the tail area (30 % of the command 
area) gets affected with the head oCthe command area (70010) utilizing 90 to 95% 
of the available water. Identification and delineation of the most needy areas in the 
command is not addressed by any well-defined mechanism. Consequently the water 
requirement for the crops at different stages of crop growth in the command, in 
space,and time, is neither realistically assessed nor effectively met. The cropping 
pattern at the project design stage was based on the soil characteristics (Table 2). 
The scarcity bas become obvious due to the increased coverage of heavy duty 
crops (rice) in both cropping seasons ofKharifand Rabi. It is pertinent to mention 
that due to occurrence of two to three cyclonic storms per year (with a 
precipitation of2oo to 250 mm in a 3 day period), non-rice crops even on 
highlands suffer from impeded drainage and consequently provide poor 
remunerative yield leading to diversification to rice. 
Canal Automation and Farmer's Participation 
Table 2. Cropping Pattern at Project FonnWation Stage 
Cropping Period: Kharif(JWlC to October) 
Rice 64% Out of a total of31 %, almost 25% is currently 
Groundnut 13% covered with medium and long duration rice 
Sugarcane 3% 
Others 18% 
Cropp~ Period: Ram (November-May) 
P\Ilses 18% Rice coverage has gone up to 25% to 300Al and 
Rice 5% overall Ram coverage is 400Al 
Others 5% 
WATER DISTRIBUTION NETWORK 
A 13.2 km long main canal (Angul main canal) with a design capacity of6.8 m3/s 
at the head feeds the command area principally through five laterals (total 
withdrawal of4 m3/s) and a branch canal (BaJaram Prasad branch) at the tail that 
draws 2.02 m'/s (Figure 1). This tail branch feeds a major lateral cana1, the 
Barasinga distributary which draws 0.72 m3/s from the branch canal. 
The project am provides drinking water supply to the district headquarters town 
of Angul (population 1,00,000) and fur industries by allocating 500 ha-m of the 
live storage for these purposes. 
The undulating command area has good slope of 1 in 1000 for 70 % of the area, 
but is flat (1 in 4000) for 15 to 20% of the command where rice is necessarily 
grown in the Kharif and Ram seasons. The soils arc of siIty clay type aDd have an 
infiltration capacity of20 to 40 mm per day. The overall assessment of 
supplementation by irrigation for the entire command area based upon 
consumptive use study is 600 mm for the principal cropping season, June to 
October. Dcpcoding upon the quantity of surplus water available at the end of the 
monsoon (31 October), the cropping pattern and coverage for the Ram crops 
(November to May) arc decided. 
MANAGEMENT PROBLEMS EXPERIENCED 
Starting in 1967 when the system became operational, inequity in distribution 
became evident because of the following filctors: 
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(a) Actual seepage loss over the 13.2 km long main canal and 76 km ofmcdium 
and minor channels was 20 to 500Al more than the assumed value of2 m3/s for 
one million sq km of wetted area. The overall conveyance efficiency was in the 
range of 60-65% (not exceeding 70% for well maintained channels) against the 
value of75% assumed in the design. 
(b) The design asswnption for conveyance capacity for mainllaterals was 
somewhat deficient. The channel could not carry more than 90 to 95% of their 
capacity under design conditions. 
(c) Normally canal capacities were decided for the worst meteorological 
conditions to meet full crop water need. This necessarily meant that 
conveyance capacity was actually in excess in good years but needed careful 
regulation in averageJbad years so that the release from the reservoir in any 10 
day spell (normally releases are decided based on l-day rainfBll data) does not 
exceed the overall crop demand for the entire command. 
(d) At the design stage, the laterals were planned to draw their authorized 
discharge when the parent channel is running at halfsupply (40 to 70 % of 
design capacity) when there is overall reduced crop water need. The individual 
outlets for laterals were therefore so positioned that they draw full supply 
when the parent channel is conveying partial discharge. WIth the regulating 
shutters operated manually becoming worn (sometimes non-functional), over-
withdrawal occurred in all the off-taking cbanDels in the bead and middle 
reaches. 
(e) An appropriate water management technique for varying crops over the 
command bas neither been formulated nor practiced effectively. Consequently, 
undependable and inequitable distribution resuhed in over-withdrawal in the 
bead reach (over 40% of the command) and the middle and tail reaches getting 
as low as 50010 of the authorized discharge intermittently, particularly during 
drought spells. Over-withdrawal in the bead reach resuhed in breaches. 
overtopping and damage to structures (outfianking), whereas the short supply 
down below made the fimners obstruct flow, cut canal banks, and operate aod 
damage the structures in the tail reach in particular. The system, in summary, 
went into distress progressively and the conveyance capability of the system 
was significantly reduced. 
(t) By 1985, within two decades, the project was incapable to irrigate even SOOO 
ha. Consequently, over the entire command, the productivity was skewed aod 
the overall productionlfium income was considerably lower than envisaged. 
Canal Automation and Farmer's Participation 
INTERVENTION CALLED FOR 
Immediate need was felt for (a) rehabilitation of the system, (b) adoption ofan 
appropriate cropping system with farmer's participation. and (c) flexible. but firm 
water management practice linked with crop water demand from hydro-
meteorological considerations. 
The OWRCP. financed by the World Bank (apprised and negotiated between 1992 
to 1995 with a credit of$291 million) that followed the Bank-assisted National 
Water Management Project (NWMP) in India. addressed the issues 
comprehensively by including Derjang project for rehabilitation and improved 
water management and agricuhural practices. Ahnost $1 million (forty million 
Rupees) has been spent on the System Improvement and Farmers Turnover (SIFT) 
activities for this project between 1993 through 1999. 
DERJANG STAGE II PROJECT: EXPANSION OF TIIE COMMAND AREA 
Interestingly, prior to formulating the NWMP proposal, it was revealed that the 
actual water yield of the basin based on reservoir operation studies (1965-1980) 
was higher by 15% over the design figure (1958). With increased availability of 
1000 ha-m during the monsoon. two crucial decisions were taken: i) to insta1l 
radial gates on the open crest of the spillway to store 1200 ha-m, augmenting the 
live storage to a tota14640 ha-m. This work was completed by 1984. and 0) the 
rehabilitation of the main canaI in 1993-94 period indicated increased availability of 
water to the tan area. which dictated that the command area of 6000 ha can be 
extended in the tan by 1800 ha. In conjunction with the World Bank-assisted 
WRCP. the National Bank for Agricultural and Rural Development oflndia 
(NABARD) financed the extension project ($0.75 million or Rs 30 million) 
between 1996 through 1998. 
STRATEGY AND ACTION PLAN FOR INTEGRATED DEVELOPMENT 
System improvement under NWMP and WRCP enabled (a) restoration of the 
conveyance capacity of the entire network by desi1ting, raising of low banks, 
rehabilitation of damaged structures (1993-1995) which resuhed in increased 
withdrawal of 50 to 6()OA in the laterals particularly in the lower reaches (Table 3). 
and (b) as experienced in two bad drought years of 1996 and 1998, the conveyance 
efficiency was close to 75% over the entire command, including the Stage II 
command area. where 1400 ha was the additional coverage in Kharif(JWlC-
October, 1996). The highest discharge drawn from the reservoir in September-
October (1998) was 8 m'ls for the overall covered ~ of74oo ha (against the 
previous maximwn of 4.8 m3/s and 4500 ha up to 1993). 
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Table 3. Gain in Discharge and Area after Rehabilitation 
Discharge. ml/s Command Area. Ha 
Name of Lateral Original Pre- Post- Original Pre- Post-
Design Rehab Rehab Design Rehab Rehab 
Raniguda Dstributary @ head 0.64 0.38 0.60 548 366 530 
Raniguda Distributary @ middle 0.34 0.21 0.30 310 219 300 
Nuapada Distributary 0.51 0.30 0.50 431 258 400 
KhaIari Distributary (Q} head 0.84 0.55 0.80 631 425 600 
KhaIari Distributary @ middle 0.38 0.23 0.35 338 216 310 
Balaram Prasad Branch 2.02 1.21 3.50 1847 1160 3500 
Barasingha Distnbutary 0.72 0.41 2.30 695 404 2400 
IAIwll Main Canal 6.80 4.80 8.80 5950 4500 7500 
(Italic numbers-by resectioning and lining to feed Stage II area of 1800 ha) 
PARTICIPATORY IRRIGATION MANAGEMENT 
WIth WlCertainty and undependability oftlow in the network, and low reservoir 
levels in drought years, it was obvious that fimners participation in the system 
management was crucial to conservation and optimal utilization in general and 
during droughts in particular. The key to participatory approach was to share the 
surplus and shortage over the entire couunand rather than over an individual 
channel. This necessarily meant that operation and management of minor channels 
over relatively smal1 areas (say 300 to 400 Ha) involving fanners was an essential 
pre-requisite, by fonnation of Water Users Associations (WUAs). Again the key 
issue was to ensure availability and equitable distribution of water by relatively 
simple, robust and unregulated operation of all minor channels over the entire 
coDllIl8Ild area. In essence the Bank assisted NWMP and WRCP stipulated the re-
organization oftbe distnbution network into strNct.nd UlIIG each serviug up to a 
maximum of2000 ba, below which all the off-taking channels will have no 
regulating shutters. At the head of the structured zone, the design flow would be 
maintained for a 3 dayn day/l0 day spell depending upon tbe crop need, with tbe 
entire zone receiving ON and OFF irrigation. Each turnout will be so designed and 
constructed that during the ON period, the fium area served will receive its 
authorized discharge and volume. The parent channels (main canal and major 
distnbutaries) will have regulators to supply the allocated quantity to tbe 
structured zones. Such disPensation would obviate tbe inequity significantly. 
Canal Automation and Farmer's Participation 
A necessary adjunct to this proposition was the formulation and operation of 
Water User's Associations that would fully operate and distribute water, do 
routine maintenance, leaving the operation and maintenance ofmain channels up to 
the structured zones to the Water Resources Department. With success stories of 
WUAs in developing and developed countries (Philippines, Mexico, Turkey, Italy, 
Japan and the USA), it was decided to cover the Stage I command area of 5951 
ba. Annex I and II descn"be the philosophy of Participatory Irrigation Management 
(PIM) concept, and the structure ofWUAs in Derjang Project. Four more WUAS 
have also been formed informally for the Stage II command since 1998. The 
WUAs were actively involved during system rehabilitation and decided that 
intervention was needed primarily for better water management by modifications 
from regulated conditions to unregulated turnouts at suitable locations and of 
suitable size. 
An Apex Connnittee regulated a few (6 to 8) WUAs by periodic review meetings 
with Water Resources and Agricuhure Departments officials. A typical setup is 
shown below. 
APEX COMMITfEE 
r----------r----~I~--~----------~ . I I .. ... I 
VJce.preddmt Secreal)' Aa!staat Secreal)' Treua .. 
To promote and accelerate fonnation ofWUAs {between August 1996 to January 
1997) a Non-Governmental Organization (NOO), the Youth Service Center of 
Angul. was selected. The NOO deployed Social Organizers in the locality fur 
motivation offilnners. The NGO selected was earlier involved fur four years in the 
locality to implement literacy and heahh programs. The benefit that accrued from 
system rehabilitation and constitution ofWUAs can be typically descn"bed for 
WUA No.7 with a command area of 473 ha. 
(i) Benefit In KharifCropping Season 
Shorter duration rice was slowly adopted (June 15 to October 15~ to replace long 
and medium duration rice (June IS'" to November IS~. Water shortage due to 
uncertain monsoon was not to affect the crop yield. Long duration (400 ha) and 
medium duration (53 ha) was replaced by short duration (200 ha) and medium 
duration (100 ha) and long duration (ISO ha). Fertilizer input increased from 20 
kgIba to 35 kgIba (1997), which along with better water availability resulted in 
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almost 40% increase in crop yield from 880 metric tons to 1150 metric tons from 
the pre--rebabilitation to the post-rehabilitation stage with WUAs. 
(ii) Canal Automation 
The decision to extend the system at the tail-end was taken in 1994 primarily 
because the entire distribution network was rehabilitated under World Bank 
assisted NWMP (1993 to 1995) and WRCP (1995 to 1999), which inter-alia 
provided for constitution of Water Users Associations (WUAs) over the original 
command area of 59 51 ha. As of 1999, thirteen (13) WUAs have been constituted 
and are fimctioning satisfactorily. There has been improvement in the fium yield 
and fium income in this project area. 
Wrth cross-reguJators and head regulators having regulated gates feeding 
structured zones, abstraction from the parent canal was higher (10 to 30%) in the 
head reach. For example, the main canal of 13.2 km feeds the initial 3 800 ha until 
branching out to Balaram Prasad Branch which is now required to command an 
area of 3700 ha including the Stage II. With a drought situation that prevailed in 
1998, the main canal was drawing a maximwn of 8 mlls for the overall command 
of7400 ha as against the design capacity or8.8 rrf'3/s. The head- reach with a 
command area of3800 ha consumed 4.7 ml/s leaving only 3.3 ml/s for the tail 
3600 ha (actually irrigated). It was estimated that the seepage loss in the head 
command was 0.85 ml/s, and 0.6 m'/s in the tail. Thus the overall duty at the head 
offield application was 987 ha per I mlls and 1270 ha per m% for the head and 
tail coaunand areas, respectively. Because the tail area was more compact (with 
50010 less channels than the head), seepage loss was less and with active support of 
WUAs and strict monitoring the tail area was by and large satisfactorily irrigated. 
Only 1 cumec was provided to the tail-end of the system- 1800 ha ofarea under 
Stage-II Santri distributary- by difficult and time consuming manual operation as 
against the demanded requirement of approximately 2 cumec. 
Even after the ahnost complete rebabiIitation (between 1993 and 1998) and 
formation ofWUAs (1996 to 1998), the need for additional operationaVstructura1 
improvements for ensuring/restricting the supply to each structured zone to the 
authorized quantity was feh. The lesson learned is that canal automation has to be 
introduced to obtain equity, particularly with the extension of the command area. 
A comprehensive scheme for remote operation of the entire system by a 
centralized control center at the reservoir, getting feedback in real-time from the 
regulators for the laterals and ensuring a proportional withdrawal is being 
formulated with the technical guidance provided by Colorado State University. 
The Department of Civil Engineering at Colorado State University, through the 2'" 
author, is a constituent of an International Lead Consuhant Body for the Orissa 
WRCP. The automation scheme would essentially consist of. 
Canal Automation and Farmer's Participation 
• Developing an operational plan for the system 
• Developing an outlet scheduling algorithm 
• Developing a feedback control algorithm 
• Software Integration 
• Installing data acquisition/communication system 
• Flow measurement at cross-regulators and head regulators for structured 
zones. 
The hardware components of the scheme would be: 
• Construction of additional cross-regulators and minimum rehabilitation of 
structures to enable installation of remote control operation of gates. 
• Installation of equipment for data acquisition, transmission and operation of 
regulating structures. 
The automation scheme is likely to cost $500,000 (Rs 2 million) to improve 
irrigation efficiency by at 1east 10 to 15% and primarily to assure the beneficiaries 
ofthc earnestness of the Department of Water Resources to maintain equity. In 
addition, this pilot scheme is undertaken to act as a demonstration and training site 
for the engineers of the Department. 
SUMMARY AND CONCLUSIONS 
The Derjang medium irrigation project was initially planned and constructed to 
command 6000 ha experienced serious shortage and inequity in water distribution 
(between 1967 to 1993). Distress of the system resulting by unauthorized 
tampering by the beneficiaries to a large extent led to significant deficiency in 
conveyance. WIth World Bank assistance, a complete rehabilitation of the 
distnDution system with structured zones below which distribution is unregulated, 
and formation ofWUAS that resulted in Participatory Irrigation Management, 
have already been done and have resulted in significant increase in production and 
fium income. The fium income bas gone up substantially by adoption of cash crops 
in the winter and bas shown 250% increase over halfthc command (from Rs 4000 
in 1992 to Rs 10000 in 1998). The hydrological data from 1967 to 1980 indicated 
additional yield of 1000 ha-m annually which led to creation of increased live 
storage by installation of gates on open crested spillway. This bas led to a Stage II 
extension for creating an additional potential of 1800 ha. WIth a healthy system 
and WUAs functional, it bas been possible to irrigate an additional 1400 ba in 
1998. But a major concern continues to be the abstraction of 10 to 15% over the 
authorized withdrawal, wbere mechanically operated shutters are provided. To 
obviate such a contingency, canal automation in a pilot scheme for the entire 
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command is being fonnulated and will be implemented in a 2-year time frame. This 
scheme would be a training ground for 250,000 ha of command area being 
rehabilitated in Orissa through the World Bank assisted WRCP. Preliminary 
assessment shows that a good system with automation and fiumers participation 
can irrigate an additional command area of 10010 with minimal investment. 
ANNEX-I. WHY IRRIGATION MANAGEMENT TRANSFER TO FARMERS 
• Make farmers conscious of the price and utility of water. A govcmment 
managed system delivers water on-demand irrespective of the merit of the 
demand, such as crop water need related to the growth stage; more important 
whether irrigation can be damaging to the crop yield. This is particularly true 
under Indian conditions where small holdings of200 or more fiumers receive 
water concurrently over a small command of200 - 300 Ha. The possibility of 
different variety of crops grown all over the command in a staggered manner 
between holdings exists. 
• Fanners pay for the water delivered quantitatively and hence eoonomic water usc. 
• Distribution network at a minor level is usually in poor condition when the 
government (under Indian condition) maintains the entire system. The water 
inequity is significant from the head to the tail in a minor cbanne~ which is 
primarily due to loss of conveyance capacity (even minor channels/water 
courses become non-existent after 10120 years of use). Fanners through WUA 
will have to ensure minor preventive maintenance for ensuring equity. 
• Infrastructural improvement done such as provision of unregulated turnouts 
prior to transfer ensures equitable distnbution provided the Association is 
totally responstble for operation/water management. 
• Appropriate cropping practiceldiversification becomes POSSlble to generate 
optimal fium income. 
• The Farmers Association necessarily gets better access to government aided 
technology demonstratioDlexteusion programs as well as access to credit for 
better seed, fertilizer, pesticide and storage cum marketing facility. Use of 
fium equipment to cut down labor time and cost can be significant with 
associations trying to cover large compact fium areas. 
• A downstream benefit is that, in addition to fium income, incremental fiunily 
income is generated through a community approach covering dairy, poultry, 
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piggery, horticulture, pisciculture and even conunercial activities like weaving, 
painting, handicraft, etc. In addition cormrumity facilities related to health. 
education and rural connectivity can be better realized. 
• A sense of belonging of the irrigation system prevails and grievance redressal is 
much faster. 
• Worldwide experience shows management transfer to fiumers to be cost 
effective and a sustaining development process. 
Specific functions assigned to the Water Users Associations and objectives to form 
the Associations are: 
a) to demonstrate and make the fiumers conscious of the need of equitable 
distnbution to ensure increased agricuhural production 
b) to increase consciousness for ensuring economy in water use 
c) to develop and adopt appropriate cropping pattern 
d) to advise the DOWR on minor level improvements 
e) to operate and maintain the distributaJy/minor cana1s and structures that 
will be improved under WRCP 
f) to collect irrigation fees on behalf of the DOWR 
g) to ensure equitable water distribution among the WUA members; and 
g) through the apex council, to advise the DOWR on main system operations 
as these affect operations within the WUA's management perview. 
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ANNEX II. DERJANG IRRIGATION PROJECT PROFILE OF WATER 
USERS ASSOCIATIONS 
WUANo. AyacutArea Total Number Villages 
(IIa) or Farmers Involved 
1 339 420 4 
2 271 457 5 
3 324 383 3 
4 480 410 4 
5 558 425 5 
6 212 270 2 
7 473 575 6 
8 720 475 5 
9 46 502 11 
10 635 619 11 
11 630 620 5 
12 176 400 3 
13 598 505 6 
Total 5951 6060 70 
All WUAs were registered during August 1996 to January 1997. Average land 
holding = 5951/6060 -1.00 Hal Family 
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Figure 1. Index Map of the Derjang Irrigation Scheme 
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WOMEN'S PARTICIPATION IN IRRIGATION DEVELOPMENT PROJECTS 
Ramchand Oad2 
ABSTRACT 
This paper reports the results of a field study of irrigated agricultW'e in Egypt. 
Specifically, it investigates the factors that determine women's participation in 
irrigation development projects. It is hoped that such analysis will help formulate 
strategies that can increase involvement of women in rural development efforts. 
A review of literature on women's participation shows that gender aspects are 
often not included in the design and implementation of irrigation development 
projects. As a result, women involuntarily do not use the improved facilities, and 
consequently lose their fair share of the project benefits. 
Necessary data and information for this Study was obtained from the Irrigation 
Improvement Project (lIP) in Egypt Findings of the study indicate that social 
barriers discouraged participation of young and married women in rural 
development projects. Older women and widows participated more in all project 
stages. 1here was no clear correlation between the level of education and 
participation, perhaps due to the high illiteracy rate among rural women. 
1. INTRODUCTION 
1.1 Perceived Benefits of Women's participation 
The Ministry of Public Works and Water Resources (MPWWR), in Egypt, is 
responsible for managing all irrigation resources. However, fariners have always 
participated, informally, in the operation of the irrigation system and on-farm 
management. Recently, governments of many developing countries and financing 
agencies have made efforts to involve farmers in development projects' stages. 
This approach helps the planners to design projects that address the beneficiaries' 
needs. whereas male farmers are increasingly involved in various phases of these 
projects, women are still left out. Not many systematic efforts have been made to 
encourage women's participation. Moreover, the gender aspect is still not 
included in the mainstream of irrigation and agriculture projects. 
I Irrigation Engineer • Ministry of Public Works and Water Resoun:es, Egypt. 
2 Professor at Agricultural Engineering Department, Colorado Slate University. Fort Collins, CO 
80523. 
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The general belief that the development project's benefits will automatically 
trickle down to women and families leads development agencies to ignore women 
as direct beneficiaries. Further, in Middle Eastern and Islamic societies, rural 
women do not take the initiative to participate in new development projects. 
Their activities are usually limited to their households. Women have to be 
specifically approached to encourage their participation in new projects. 
The planning, design, and implementation of development projects should be 
customized to the needs and capabilities of the beneficiaries. The participation of 
all beneficiaries, ~th men and women, is necessary for appropriate design, 
implementation, and management of improVed facilities. 
A careful study of the social, cultural, and technical barriers to women's 
participation is necessary to design optimal methods for improving irrigated 
agriculture. The lack of knowledge about problems ofrural women and the 
impact of development projects on them and their families makes it difficult to 
design successful projects. 
In a World Bank operations evaluation study, Murphy J. L. (1995) stated that 
insufficient attention to the roles of women was detrimental to project efficiency 
and sustainability. As a result, the visibility of gender issues in the World Bank 
activities has increased in recent years. 
Many studies show that promoting women's participation and increasing their 
benefits from development projects will improve the living stand"ards of their 
families. Women tend to devote more time and money to household and family 
needs, while men spend a higher potion of their income on goods for their 
personal consumption (M. Zwarteveen, 1996 and L. Brown, 1995). The increase 
in women's income, time and labor savings, and other project benefits are often 
directly used for household and family care. 
1.2. The Study Objectives 
The overall goal of this research is to study the extent of women's participation in 
irrigation development projects and its impact on the household and the family 
well-being. This research also provides guidelines, whereby women can 
participate effectively in irrigation and agricultural development projects. The 
direct participation of women should help them capture their fair share of the 
benefits for greater welfare of the household. 
The specific objectives of this research are: 
1. To determine the extent to which women are participating in irrigation 
improvement projects. 
Women Participation 
2. To analyze the significance of women's participation and its effect on their 
families' welfare. 
3. To identify ways to improve women's participation for greater benefits to 
women and families. 
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4. To provide guidelines, for implementing and financing agencies, for 
effectively involving women in the future irrigation development projects. 
1.3 Background of the Irrigation System in Egypt and the lIP 
The Irrigation Improvement Project (lIP) is one of the largest irrigation projects in 
Egypt It was initiated in 1988 by an agreement between the Egyptian 
government and the United States Agency ofIntemational Development (USAID) 
with a budget of $80 million. The feasibility study of the project included a 
description of the project area, identification of the problems, formulation and 
analysis of the alternative solutions, and an implementation plan. Women needs 
were not addressed in the project goals and objectives. . 
The irrigation water delivery canals supply water to the branch canals. The 
branch canals supply the meskas1 at a level below the irrigated land. Most of the 
irrigation in Egypt, including the lIP project area, is carried out by pumping water 
from meskas to the adjoining fields. 
With the wide use of diesel pumps, some farmers pump water directly from the 
branch canals, which causes a drop of the water level below the designed level. 
This results in inadequate and uneven distribution of the water supply and low 
irrigation efficiencies. Water supply to the meskas, from the main irrigation 
canals, is on a rotation basis4. 
The fundamental changes introduced by the lIP are: 
• Single point water lifting from the branch canal to the head of each meska 
The traditional low level meskas are replaced by either raised lined open 
meskas or buried pipelines. 
• Continuous flow in the meskas, for effective operation. 
The MPWWR's strategy is to turn over the improved meskas to farmers after 
construction. Also, the lIP staff will train farmers to operate and maintain the 
improved micro-irrigation system. This requires a high organizational level to 
operate and manage irrigating from a single point. For this purpose, the 
MPWWR has introduced the Irrigation Advisory Service (lAS). The lAS is a 
l The mesbs in Egypt are earth low level opal channels (ditches). 
4 • Two-tum rotation: 7 days on and 7 days off, or 4 days 011 and 4 days off for rice. 
• Threc-tum rotation: S days on and 10 days off, or 4 days on and 8 days off. 
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new cadre in the MPWWR formed to assist farmers in the changeover to the new 
system. The lAS staiTis trained to organize farmers in the Water Users' 
Associations (WUAs) and assist them in operating and maintaining the new 
meskas and on-farm water management practices. They will also provide the link 
between the farmers and the Irrigation Department staff. To ensure the 
sustainability of the new systems, lAS staffwill be concentrating on a service-
oriented delivery system, which responds to farmers' needs. 
The Water Users Association (WUA) include all farmers in a meska command 
area The members elect their own leaders and meska committee (chairman, 
treasurer, and pump operator). The WUA committee participates in the project 
design, development of the operating plan and rules, and resolves any problems 
on the meska. The improved meska is turned over to the WUA after 
implementation; the WUA is responsible for the meska operation and 
maintenance. The lAS group provides the WUA with the technical assistance 
needed in the operation and maintenance of the improved facilities. 
The lIP main goals are to improve overall efficiency of water use and to remove 
water supply constraints to achieve high irrigation efficiency and optimum crop 
production. 
lIP also has the following institutional objectives: 
• Fonning and strengthening Water User Associations (WUAs) to assist in 
designing, implementing, operating and maintaining the improved meskas. 
• Establishing an Irrigation Advisory Service (lAS) to assist WUAs in group 
management, water management, conflict resolution, etc. 
The project is divided into four stages: Introductory stage, where the project staff 
explains the goals and stages of the project to the beneficiaries and form WUAs. 
The Design stage, where the improved system is designed and the lAS staff gets 
the approval of the WUAs on the design. In this stage farmers suggest any 
desired changes. The Implementation stage, where some changes could be added 
to adapt the design to farmers needs. The Operation stage, where the improved 
meskas are turned over to the WUAs for operation and maintenance, after training 
them. 
Some of the recognized benefits of the lIP were time and labor savings, increase 
in yield and income, increase in crop variety, and decrease of the chance of 
getting infected with water-born diseases. 
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2. METHODOLOGY 
2.1 The study Hypothesis 
HI Although, governments and financing agencies are adopting the 
participatory approach' in the irrigation development projects, women are not 
specifically addressed in the Irrigation Improvement Project plans. They are not 
considered as direct beneficiaries and not involved in the project stages. 
H2 Women's participation is related to their age, education, marital status and 
whether they are farmers or house women. Social and cultural norms also have a 
strong impact on women's participation. 
H3 The Irrigation Improvement Project technology has significant impact on 
time, labor, yield, incomes, crop variety, and environment. The participation of 
women in the Irrigation Development Project will have a significant impact on the 
project benefits to women and their families. The increase of women's benefits 
would have a significant positive impact on family welfare, since women and men 
usc the resources and capture the project's benefits differently. Women tend to 
devote more time and money to household and family needs, while men spend a 
higher potion of their income on goods for their personal consumption (M. 
Zwarteveen, 1996 and L. Brown, 1995). 
H4 Having more female engineers within the development agencies' staff 
could help increase female participation. Women's education, family and farm 
size, social influence, and gender of the head of household are also important 
factors, which might affect female participation. 
2.2 Selecting the Study Variables and Identifying Relationships 
The variables used for testing the study hypothesis are divided into dependent and 
independent variables. The independent variables are: gender, age, marital status, 
occupation, and education. 1be dependent variables are: women's participation in 
the lIP stages, the project benefits for women and men, and the factors affecting 
women's participation and decision making. 
To test the first hypothesis, a comparison between women's and men's 
participation in the project stages is used. 
To test the second hypothesis, the relationship between women's participation in 
the project stages and their age, education, occupation, marital status, gender of 
decision making, and social influence is analyzed. Also, the relationship between 
the participation of women and the social and cultural norms is examined. 
To test the third hypothesis, the project benefits are divided into economic, 
, The participation of the beneficiaries in the project stages 
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environmental, and social benefits. Economic benefits would be increase of 
income, yield, crop variety and quality. The environmental benefits would be 
improved water conservation, decreased dead storage, which decreases water born 
diseases, decreased health hazards from the old open channels running through 
the villages, and the providing of better roads. The social benefits would be fewer 
conflicts between farmers over water and better education for children. The 
relationships between the gender and project benefits will be examined. We will 
also shed some light on the difference in interests and concerns between men and 
women when evaluating development projects. Also, the relationship between the 
gender of the beneficiary and money and time allocation will be analyzed. 
The fourth hypothesis will be evaluated, along with other strategies to increase the 
involvement of women in rural development projects, studying previous projects 
and the lIP staff questionnaire, as well as the beneficiaries' questionnaire. 
2.3 Data Collection and Analysis 
The study area is chosen from one of the Irrigation Improvement Projects (lIP) 
areas: Saydia Command area. The study sample is chosen from the first portion 
implemented in the Saydia area. 
Four sources were used for data collection. The flfSt was reviewing similar 
studies related to the significance and impact of female participation in rural 
development projects, factors that affect their participation, and how to deal with 
them to increase women's participation. The second was interviewing farmers 
and staff using a structured questionnaire. The third set of data was from studying 
the available documents from the studied project, lIP. Finally, participatory 
observation was used, from my experience working with the Irrigation 
Improvement Projects. 
The beneficiaries' survey data were collected through private interviews, due to 
the illiteracy of some of the surveyed individuals. The population for the 
beneficiaries' survey was randomly selected, depending on the availability of the 
interviewees. The interviewer reached farmers and house women either in the 
field or in their homes. These interviews, and the limited resources, limited the 
size of the sample replying to the beneficiaries' questionnaire. Forty farmers and 
house women responded to questionnaire; 25 women and 15 men. The 
interviews were conducted in Arabic by one of the Irrigation Improvement 
Projects engineer working in the study area. 
For the Irrigation Improvement Project staff survey, the questionnaires were 
mailed to 15 of the project engineers. The staff questionnaire was replied by 13 
of the project engineers. . 
The limited sample size makes it difficult to generalize the results over the whole 
lIP area in Egypt. Also, the small sample size lim!ted the power of statistical 
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analysis. 
3. RESULTS AND DISCUSSIONS 
3.1. Extent of Women's participation 
The extent of women's participation in the Irrigation Improvement Project varied 
according to the project's phase. Presvelou (1980), Zwarteveen (1995), Johnson 
(1996), Okeyo (1988), Chaney (1987), and Jiggins (1986) documented the 
tendency of the development agencies to ignore women in the planning and 
implementation of development projects. They also pointed out the lack of 
women's participation in these projects due to the lack of information on women 
activities, needs, and considering women as passive recipients oftechnology. The 
results of the lIP staff survey showed that 9 out of the 13 engineers, who replied 
to the questionnaire, confirmed that women were not considered as direct 
beneficiaries in the project formulation. The other four engineers said that 
women were indirectly included, through male members of the family and they 
should directly participate only if they are farmers. 
During the introductory 
stage, the Irrigation Advisory 
Service (lAS) staffreaches 
farmers in their fields. 
Working with the lIP and 
participating in forming the 
WUAs, it is often observed 
that some women were 
accessible to the staff in the 
field, performing farming 
activities. During this stage, 
women often show their 
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interest to learn about the new project and in many cases, they approached the lIP 
staff seeking information. The results of the beneficiaries' questionnaire showed 
that the project objectives and stages were explained to 46 percent of women, 
compared to 87 percent of men. 
During the introductory stage, the lAS staff begins the process offorming WUAs, 
by conducting initial meetings with the water users, usually in farmers' houses. 
Since it is not culturally acceptable, women do not attend those meetings and are 
therefore excluded from the WUAs. In subsequent meetings, WUAs are formed 
and leaders are elected from the water users who attend the meetings. After the 
WUA establishment, the WUA leaders are responsible for checking designs, 
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supervising implementation, and meska operation and maintenance. And since 
women do not participate in any of the initial WUAs activities, they are not 
members of the WUAs. They also do not participate in any of the design, 
implementation, and operation stages. 
The results of the beneficiaries' survey showed that only 17 percent of women, 
compared to 73 percent of men, were able to participate in the design stage by 
sharing their ideas and suggestions with the lIP staff, either directly or through a 
male family member. 
In the implementation stage, only 4 percent of women, versus 67 percent of men, 
participated in this stage. 
Excluding women from the WUAs is the main reason for their low participation 
in the design and implementation. 
In the operation stage, the improved meskas are turned over to the WUAs for 
operation and management, after receiving the appropriate training. Since women 
were not members of the WUAs, they are excluded from participating in the 
operation and management of the improved system. 
3.2. Factors Influencing Women's Participation 
Age. Marital Status. and Occupation: 
The United Nations statistics (1995) showed that 55 percent of Egypt's population 
were living in rural areas and females represented 49 percent of Egypt's 
population. Also, the statistics showed that there were 119 women per 100 men 
over the age of60; 68 percent of these women were not married (single, divorced, 
or widows). These women were more likely to be the heads of their households 
since statistics showed that 91 percent of widows in Egypt were the heads of their 
households. 
The results of the lIP survey 
confirmed the results of 
previous studies by Cloud 
(1984) and Warner (1997) 
that seniority and marital 
status are important factors 
for formulating policies to 
increase involvement of 
different sections of the rural 
society. The lIP 
beneficiaries' survey results 
show that older women 
participate more in the 
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project stages. Of the women's groups that were informed about the project 
objectives, the infonnation was explained to 56 percent of the women over 40 
years old and to 25 percent of women under 40. Furthennore, all women who 
participated in the design and implementation stages were over 40 years old. 
These results should be considered in the context that 75 percent of the women 
interviewed were over 40 years old. 
The study results show that women's participation is also related to their 
occupation and marital status. About 63 percent of the widowed women, 
compared to 39 percent of the married women, participated in the lIP project. 
Also, 64 percent of women farmers participated in the project, compared to 42 
percent of the household women. 
Older women participated 
more since they have 
more time to devote for 
farm management, social 
activities and new 
projects. Younger 
women are more 
occupied with childcare 
and household activities. 
They usually do not have 
the time to directly 
participate in the farming 
activities. Also, it is more 
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socially acceptable for older women to participate in what are traditionally 
considered as male activities - farm management and participation in 
development projects. 
Widowed women participate more than married women, perhaps because 
widowed women are usually older and therefore socially free to do so. Another 
reason is that widowed women are usually the heads of their households and in 
many cases manage their farms. This reasoning is supported by the fact that 81 
percent of the widowed women interviewed were farmers, over 40, and the heads 
of their households. 
Education: 
The World Bank publications (1994 and 1995) stated that women's education has 
a strong positive impact on the management of their farms, the yield and their 
participation in development. In the lIP beneficiaries' survey, it was hard to 
detect relationship between women's participation and education, perhaps due to 
the limited participation and the high illiteracy rate of the interviewed women. 
However, the results showed that none of the educated women interviewed 
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participated in the lIP projects; all women who participated were not educated. 
Seventy five percent of the women interviewed had nO fonna! school education, 
even though the interviewed population was randomly selected. This is supported 
by the United Nations statistics (1995) which show that, in 1990,46 percent of 
women of age 14-25, and 78 percent of age 25 and older, are illiterate. 
Social Barriers: 
In Egypt, the society expects women to be especially careful about their virtue 
and reputation. These social norms limit women's ability to associate with DOn-
related males. Consequently they can not participate in events and meetings 
which are mostly attended by men. In the projects where women are addressed as 
direct beneficiaries, such as population planning, women are addressed separately 
and certain strategies are developed to encourage women's participation. 
Agriculture, in Egypt, is a male dominant field. In most cases, the rural 
community does not understand the necessity of women's participation in 
agricultural and irrigation projects, and consequently do not support it. The 
research results confirmed previous findings by Cloud (1984) and Brown (1995) 
that culture and social customs govern women's opportunities to participate in 
development. All women interviewed for the beneficiaries' survey identified 
culture and social customs as the main reason for their non-participation in the 
project However, the results also showed that 38 percent of these women wanted 
to participate more. 
Presence of Female Staff in Implementing Agency: 
Confirming the previous studies by Brown et al. (1995) and Murphy (1995),12 
out of 13 lIP engineers agreed on the significance of the presence of females and 
individuals experienced in gender activities within the rural development project 
staff. They also pointed out that these females should work in close contact with 
all beneficiaries, males and females, to explain the significance of women's 
participation. They also agreed that the presence would ~ve a positive impact on 
women's participation and the acceptance of this participation by the male water 
users. 
3.3 Women's Benefits From The lIP Project 
During an evaluation of the lIP progress by members of the USAID staff, a 
farmer's wife expressed that the people in the village could gain more benefits if 
the environmental aspects were taken into consideration during the formulation 
and design phases. She pointed out that consulting the beneficiaries, especially 
women, about the meskas design could lead to better environmental surroundings 
by covering the portion of the canal which runs through the villages, or in the 
areas of obvious danger to people's health and life. 
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The study results show that men recognized increases in income, crop yield, and 
the time and labor saving as important benefits of lIP. Women emphasized the 
positive environmental impacts, in addition to the once mentioned. 
The reported environmental benefits of the project included the decrease of the 
chance of being infected with waterborne diseases and getting drowned in the old 
open channels going through the villages. 
A direct relationship between women's participation and the benefits could not be 
determined because of the low participation of women. However, the results of 
the beneficiaries' survey showed that women farmers and widows recognized 
more benefits than married women and household women. Since women farmers 
and widows participated in the project stages more than other women, this could 
support the hypothesis that women's participation has a positive impact on their 
benefits from the project. 
The results of the staff questionnaire showed that 12 out of 13 engineers agreed 
that women's participation would increase their benefits from the project. 
3.4 Women's participation and family welfare 
Murphy (1995) and Brown (1995) stressed that women's participation and access 
to resources are critical determinants of a sustainable agriculture, social and 
economic deVelopment, and diffusion of new technologies. Studies by Cloud 
(1984), Guyer (1980), and Tripp (1985) have confirmed that women's benefits 
have a more positive influence on the family welfare, since the women tended to 
allocate more of their time and resources towards the family, especially the 
children. Confirming these previous studies, the results of the beneficiaries' 
survey shOWed that 94 percent of the women invested the saved time and labor in 
household and child care 
activities and only 20 
percent of them used it in 
farm management. On 
the other hand, 33 percent 
of men used their saved 
time and labor in child 
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and household care; 87 percent used them in farm management, 12 percent used 
them in sports activities, and 17 percent use them in resting. These results 
confirm that women devote more time and labor to child and house care. They 
also confirm the growing belief that increasing women's benefits from the 
development projects and integrating gender issues within the mainstream of 
these projects would increase family welfare. 
Ignoring women as direct beneficiaries and not taking their activities into 
consideration will have a negative impact on them, their families, and 
sustainability of the new system. Most women use water delivered through 
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irrigation facilities differently than men. They use the canal water for washing 
clothes, watering and bathing cattle. Since most women were not consulted 
regarding the lIP design, their activities were not taken into account when 
designing the improved irrigation system. With the improved system (raised 
meskas, buried pipelines, and lined meskas), women would have to travel longer 
distances to fetch water, which will consume more of their time and labor. Often, 
their cattle cross the raised meskas resulting in damage to the structures. 
Designing small areas for women to water the cattle and building crosswalks 
would protect the improVed system, and save women's time and labor, which will 
be more likely used for child and house care. 
4. CONCLUSIONS AND RECOMMENDATIONS 
The following strategies are recommended to enhance women's participation in 
the rural development projects, generally, and the Irrigation Improvement Project 
specifically. 
1. The role of women and the significance of their participation in rural 
development should be very clear to the development projects planners and staff. 
The development project staff should also be trained to integrate gender into the 
project development stages. 
2. For continued participation of women in the projects, it is very important for 
all the beneficiaries, both males and females, to understand the significance of 
women's participation in the development project and support it 
3. Women should be specifically addressed in the initial stage of the project. 
Conducting special" Women-Only Meetings", at the early stage of the project, to 
explain the project objectives, how they can participate in the project stages and 
how their participation would benefit them and their families. Women-only 
meetings should be held where the women would feel comfortable to devote their 
time and share their ideas with the lIP staff. Women-only meetings can overcome 
the cultural and social barriers, which discourage women from participating in the 
meetings attended mostly by males (Hulsebosch et al, 1995). 
4. Women should also be encouraged to attend the Water User Associations 
mee~gs and participate in the meska council election and the other activities of 
the WUAs. The place where these meetings are held should be planned carefully. 
Meetings should be held in neutral places such as: schools and community 
centers. In the lIP project, identifying a required percentage of women to attend 
the WUAs meetings could help increase women involvement in the project. 
5. Women staff in government agencies, who combine the skills provided by 
modern education with an understanding of the social aspect of women's 
Women Participation 
participation, would enhance the integration of gender into development projects. 
Having more females within the project staff, who are in closer contact with 
beneficiaries and understand the significance of women's participation, will 
encourage women to participate and share their ideas. 
6. As recommended by Cloud (1984) and Warner (1997), seniority and marital 
status should be taken into account when targeting policies to increase women's 
participation in rural development. Socially influential women, older women, 
women farmers, and widows should be identified and contacted in the initial 
project stages. Since they have more influence and their participation is more 
socially acceptable, they could encourage other women to participate. 
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PIM: A REALITY IN ASIA? 
Sheel Bbadra Sinha' RamanKumwl 
ABSTRACf 
Agricultural sector has been the largest beneficiary of aid world over and the lions 
share has gone to irrigation but the benefits have not matched the investment 
Water is wrongly treated as a free and inexhaustible commodity. The 
consumption of water has been doubling every 21 years and seventy percent of all 
water used is utilized for irrigation though half of it only, reaches the crops. 
Coupled with increased demand from industry and urbanization, there is severe 
pressure on water now. A3 signs of ''water stress" is becoming more pronounced, 
and issues relating to water are assuming political overtones, water has to be 
treated as an economic commodity and ways and means have to be found for 
increasing the performance of the irrigation systems. Among the various reasons 
for the non-performance.or under-utilization of the created irrigation potential, 
non-participation of the beneficiaries and poor upkeep of the system by the 
administrative and development machinery of the government at the various 
levels, deserve special mention and attention. "Participatory Irrigation 
Management" (pIM), where the beneficiaries share responsibility in partnership 
with the governmental agencies bas now become indispensable for efficient 
running of a system. It may be pointed out that this approach is not a new one. 
From time immemorial, the natural resources, in all the civilizations, were treated 
with respect and there were rigid laws governing their usc. It appears that over the 
passage of time the beneficiaries became indifferent to the usc and management 
of natural resources, causing the government agencies to step in. PIM has taken 
offin the last two decades in South East A3ia where Philippines bas been the 
trailblazer and also in Latin America. The success in Mexico can be attributed to 
political will at the highest level. Different approach, have been adopted for PIM, 
but no single model can be adopted as a role model to succeed unless it takes into 
care the local conditions as well. PIM is not an'exact science where, the formulae 
would be applicable in all conditions. Socio-economic and cultural backgrounds 
have to be taken into consideration. Applicable pre conditions in general are: 
1. Improvement in irrigation delivery system, 
2. Legal rights to farmers, 
3. Economic viability of the system as well as the farmers organization, 
4. Ensure viable returns of the agricultural produce, and 
5. Inculcate sense of responsibility in farmers towards the system. 
i systems Manager, Water & Land Management Institute, WRD, Govt of Bihar, PaIIla, 801 505, 
India 
2 Assistant Engineer, Ccntral~ign, WRD, AnisabId, Patna 800 002, India 
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BACKGROUND AND PROBLEMS FACING IRRIGATION SECTOR 
Most of the water related problems stem from the fact that the value of water has 
never, even remotely, been close to its true worth. Even today, when "free 
economy" is being advocated in the developing countries, it is highly under priced 
commodity leading to the illusion that it is available in plenty and need not be 
conserved. With the ever growing population and increasing demand on water 
from different sectors, more and more countries are marching towards water stress 
zone. 
In In<lla as elsewhere, irrigation took its shape as a small community project 
developed by local groups. Natural flowing streams were diverted for irrigating 
the land. Management of small tanks and dug wells for irrigation has been in 
practice from centuries. The importance of the irrigation need not be emphasized. 
It may be pertinent, to point out that irrigation sector has been the largest 
beneficiary of aid in the post war era but its perfonnance has not been 
commensurate with the investment. Due to various reasons, the perfonnance of 
this sector, in the developing countries specially, began declining though it would 
be erroneous to assume that irrigation from canals has always been a losing 
proposition. Economic History ofIndia, (CUP) states that in 1846-47, a surplus of 
19010 over total expenditure was generated in this sector. In earlier times i.e. 
ancient and medieval, there were rigid rules governing the usage of natural 
resources and they were strictly enforced. In the 61h century BC, Megasthenese 
observed that ''the sluices by which water is let out from the main canals into 
other branches so that every one may have equal supply of it" In the 2nd century 
AD the Chola dynasty in southem India built anicut in the Cauvery River. In the 
13th to 161h century AD the Vijaynagar empire built many irrigation schemes and 
all of these were locally managed. This does not mean that in those times the 
situation was absolutely perfect, even Buddha is reported to have mediated in a 
water dispute in the ancient Patliputra! Canal irrigation in India had always been a 
profitable enterprise in old times. The Western Jamuna Canal, in India, 
constructed during the Mogul period and later remodeled by Warren Hastings in 
1817, yielded a net return of 13% on the capital invested. Lord Curzon, in his 
budget speech in 1905, observed ''The Government ofIndia, have spent 31 
million sterling pound upon state irrigation works in all the above classes. With it 
they have dug nearly 50,000 miles (80,467 km) canal and distributaries, they have 
irrigated an area of 21 Y2 million acres (8.6 million hal out of a total irrigated area 
in the British India of about 47 million acres (18.8 million hal and they derive 
from it a net revenue of £2,700,000 per annum, or a net revenue of on capital 
outlay of approximately 7 percent. If we capitalize the net revenue at 25 years 
purchase, we obtain a total of 67Y2 million sterling, or considerably more than 
double the capital outlay." Almost similar situation existed every where, and as 
the pressure was not much on water, because of less demand on it from other 
sectors there was not much concern for its better management. Navalawala, has 
estimated that in India, the total losses in the irrigation sector between 1985-86 to 
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1989-90 amounted to Rs. 88927.8 million. The losses were due to many reasons, 
chief amongst them being, 
• budget constraints for operation and maintenance due to uneconomic pricing 
of the water, 
• inadequate response from the staff responsible for 0 & M, and 
• to some extent inappropriate design of the structure and highly centralized 
fonn of governance leaving no role for the beneficiaries and NGOs. 
This malady became so deep rooted in India, that irrigation coverage started 
declining so much so, that the water rate collection was not enough even to meet 
the cost of establislunent kept for its collection. The revenue collection was found 
to be satisfactory only in those states where the revenue collectors were given a 
fixed amount as percentage of the total amount collected, like Haryana and Uttar 
Pradesh. In other states like Bihar and west Bengal the situation was alanning, 
while the cost of collection in Bihar varied from 55 percent to 210 percent, in 
West Bengal it varied from 95 percent to more than 600 percent. Even in those 
states where the revenue collection was not a costly proposition the cumulative 
arrears of the revenue were mounting up. Almost similar situation prevailed in all 
the Asian countries where PIM in its different flavor has been adopted. One may 
ask whether the Governments of these countries embraced PIM because they 
found it hard to set things right because of socio-political reasons. Whatever may 
be the reason PIM came in as a handy tool and was thought to be panacea for 
these shortcomings. So far it has eluded the desired results. Some of the countries 
where PIM is being practiced are Mexico, Columbia, Turkey, Sri Lanka, 
Philippines, Indonesia, Japan, Italy and Taiwan besides India. The situation in 
Japan. Italy and Taiwan can not be taken as indicative of its success because these 
are developed nations. 
~~ of A ~Countries 
A brief discussion about the status of PIM in Columbia and Mexico has been 
furnished because in the fonner country the farmers voluntarily embraced PIM 
while in the latter, it was a part of the economic reforms and was backed by a 
strong political will for its implementation. A passing reference has been made 
about other countries, before in depth analysis of the case study at Paliganj is 
taken up. 
Colombia: The situation leading to adoption ofPIM in this country is unusual in 
the sense that the farmers themselves initiated it. Since 1976, 16 out of 24 large 
and medium schemes stand transferred to Federation of Water Users Association 
oflrrigation Districts (FEDERRIEGO). The area covered by these associations is 
about two-tbird of quarter million hectares of cultivable land. The remaining 
schemes are expected to be difficult to transfer. In 1991 a federation of the water 
users association was fonned. This association looks after the interest of the water 
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users and has a seat in the top land development council of policy making, of the 
country, but it has not been able to provide much assistance to its members 
association. Over the years the main areas requiring corrective actions according 
to Luis E .Quintero Pinto are: 
• social issues, 
• institutional presence, 
• administration, and 
• finance and budget. 
The recovery of water charges has not been very consistent. An interesting factor 
that emerges is that the highest fee collections are from those irrigation districts 
(Coello/Salda) where the users have made substantial contribution for the system, 
and is the lowest, in those irrigation districts where only the government, has 
made investments. Out of the twenty-four, water districts only seven are self 
reliant and others receive subsidy from the government to the tune of 5 percent to 
100 percent of their budget. This subsidy is also not sufficient in some of the 
cases for the operation and maintenance, as it is determined on the basis of past 
collection. The water rates, has two components. One is the basic or fixed fee, 
which represents cost per hectare of land for creating infrastructures like road, 
drainage etc. and the other is usage fees, based upon volumetric supply to the 
users. The volume of water supplied to the user is calculated on purely estimated 
basis; as most of the time the water is delivered without actual measurement. The 
employee delivering the water guesses the flow and records the time. On the basis 
of these two parameters the volume is determined. The associations are non-
profit entities, and can not therefore distribute the profits amongst the members. 
Vermillion and G-Resterpo (1999), have reported that after the transfer, high 
priority was given to improve cost efficiency, but majority offarmers reported no 
change as far as "administration and communication" was concerned. Though 
there was significant reduction to the government in cost of irrigation, but this 
resulted in an upward trend of irrigation cost to the farmers. No significant change 
was reported in agricultural productivity and no clear pattern has emerged so far 
as total cost of irrigation is concerned. 
Mexico: The transfer program in Mexico was initiated in 1988, which was a part 
of the sweeping economic reforms. The topography and climatic conditions of the 
land precludes rainfed agriculture hence there is a need for irrigated agriculture. 
The reform process, which was initiated in 1988, led to the creation of National 
Water Commission (CNA) in 1989 and a new water law in 1992. 87 percent of 
the area under major/medium irrigation districts were transferred to the water 
users association for management of irrigation by 1996. Before the process of 
banding over the irrigation system began there was a series of meetings with the 
farmers exhorting the benefits of participation in the management of water. 
During these meetings, with the ejitarios and small landowners, it was also 
promised that the Government, will assist with the rehabilitation of the system 
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and provide fund for purchase of machinery. This was partially fulfilled. As a 
measure offostering goodwill between the ejitarios and the small landowners it 
was decided that the post of the President and Treasurer of the Water Users 
Groups will alternately, be held by their representatives. The problems being 
faced can be broadly classified as: 
• social issues, 
• conflicts due to poorly specified water rights, 
• insufficient revenue to support 0 & M, and 
• poor accounting and book keeping practices. 
Enrique Placios has reported that, there have been dramatic savings, to the 
Government by way of lowering of its share of 0 & M component. Earlier it was 
in the region of 80 percent but now it stands reduced to 25 percent. 80 percent of 
the farmers felt that the irrigation services have improved after transfer of the 
system, but the systems are generally in poor condition, partly because the 
government did not fulfill its commitment about restoring the system before its 
transfer. Another serious malady was noticed, which is not part of the physical 
system. In reality it is a social problem i.e. indiscriminate hiring and firing of 
staffs when the directors change, nepotism in staff hiring and the use of 
"director's position as political spring board." Duplication of efforts and poor c0-
ordination between the CNA and the Water Users Associations has been cited as 
"second generation" problem. Water Users Associations are exempt from paying 
for the rights to use water. They are supposed to pay the cost incurred by CNA for 
bulk delivery of water to modules or districts. However in practice the Water 
Users Association's directors negotiate with the users, the amount they will pay 
and it varies. In some of the modules it is based upon the area irrigated, yet in 
another it is based on crop and the area planted, and in fewer cases it is on the 
basis of volumetric supply. 
PhiliQpines: To the die-hard supporters ofPIM it may sound archaic, but Namika 
Raby opines that "the immediate objective offonning irrigator associations in the 
national irrigation system was the cost recovery, through collection of irrigation 
service fees." During 1983-87 the cost of 0 & M per hectare stood at US$ 16.40, 
out of which the major portion, US$ 13.1 0 was spent on salary and wages of staff. 
The per hectare cost, of 0 & M rose to US$ 30.00, with the ratio of salary and 0 
& M charges almost remaining same. PIM in Philippines has worked best in 
smaller areas, best performance has been reported in systems having 
homogeneous social unit and having a command of 50 hectares and the optimum 
has been rated as 200 hectares. Strong leadership quality for mobilizing groups of 
people for construction, operation and maintenance, and conflict management has 
been attributed as reasons for the success of the communal system. The present 
impasse has been attributed as "this direct transfer of communal PIM model 
without taking into account the social, technical and managerial requirements of a 
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national system." The main bottleneck in success ofPIM has been described as 
the inability to secure voluntary compliance from its members . 
.sri ~ Sri Lanka has been experimenting with PIM since 1977. An important 
factor, which must not be overlooked, is that historically the farmers have been 
managing tank irrigation according to well-defined ethical values of the 
traditional Sinhalese Community. The model ofPIM, adopted was that of 
Philippines. In 1984 the Government decided to charge 50 percent of the 0 & M 
cost from the beneficiaries and subsequently this was to increase, gradually over a 
period of 5 years to 100 percent, but there has been very low level of collection. 
This is attributed to "political lobbies discouraged farmers" from paying and 
when some fanners did not pay, others followed suit, because neither the farmers 
organization nor the Government could initiate corrective measures. In order to 
strengthen the farmer's organization, amendments were made in 1994. It has a 
important provision-in such inter-provincial systems, where the farmers 
organization have taken over the whole or part of a distributary canal, it exempts 
them from paying revenue to the Government, and instead empowered them to 
levy and collect amount from the farmers for 0 & M of the canal. The levy can be 
collected from both the tenant-cultivator as well as the owner-cultivators, unlike 
previously, when it was collected only from the owners. According to the 
National Development Council's report Sri Lanka intends to hand over all 
systems below 400 hectares to farmers and for the systems bigger than 400 
hectares, the distributary level management will be handed over. 
India. Paliganj (Bihar); !! Case Study 
Paliganj Distributary, (Culturable Cornmand Area, 12197 Ha) is a subsystem of 
Main Eastern Low Level Canal ofSone Canal System in the State of Bihar, India. 









6.8 K.M Bharatpura Sub Distributary 
Cbandos Sub Distributary 
Schematic Drawing of Paliganj Distributary System. 
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The river Sone, originates, from Amar Kantalc plateau in Madhya Pradesh and 
then passes through Bihar. A sizeable population of the Bihar, 17.43% falls under 
its command covering about 13% of the total area of Bihar. The Sone Canal 
System is one of the oldest canal systems in the country; dating back to the times 
of East India Company. In 1853, an army engineer, Lt. Dickens, while visiting the 
Sahabad district conceived the idea of irrigating the land of the district by tapping 
several streams in the Kaimore range of hills. The actual construction was started 
in the year 1868-69 and was completed in 1875. In the original project report it 
was envisaged that the collection of revenue, will offer a net return of 8.75 
percent on the outlay. From the very beginning the project was treated as a 
commercial enterprise. Initially the Government of India decided that the 
execution of the Sone Canal System should be left to private entrepreneurs and its 
execution was entrusted to East India Irrigation & Canal Company, which 
subsequently, was bought by the Govenunent. The system over the years has 
undergone changes, and the process is still continuing, but as a whole it has been 
performing well as would be evident from the Table 1. 
Table 1, Irrigation Achievement ofSone Canal System 
Period Average irrigation in Ha. Coefficient ofvarlance (%) 
1875-1883 60358.85 50.44 
1883-1891 129001.55 11.32 
1891-1901 171420.76 14.91 
1901-1911 221657.00 11.16 
1911-1921 229611.08 9.85 
1921-1931 226450.56 4.60 
1931-1941 234638.72 4.84 
1941-1950 252890.80 5.26 
1950-1958 289661.30 11.73 
1958-1968 353446.92 24.70 
1968-1979 523419.08 6.84 
1979-1989 541816.24 2.39 
Cro in PattemandO tion Schedule in Sone Irri ation S stem ( pp g pera g y 
Basawan Sinha, 1992, W ALMI, ~ihar) 
The different groupings of the year has been done taking into account certain 
factors, viz. in the year 1950-1958 augmenting the canal flow by tubewells was 
started, in 1968-1969 the Sone barrage was commissioned and the canals were 
remodeled, while the Action Research Program in Paliganj, was started in 1988. It 
would be evident that there has been gradual but steady increase in the irrigated 
area, but the collection of the revenue in the State, has been far from satisfactory, 
as would be evident from the Table 2. 
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Table 2, Cost of Expenditure Incurred in Revenue Collection. (in million Rs.) 
Year Expenditure on the Demand raised Actual collection 
revenue collection 
establishment 
1987-88 954.53 122.80 73.50 
1988-89 969.51 147.30 59.00 
1989-90 1417.98 143.50 67.82 
1990-91 Not available 155.50 48.42 
1991-92 do 120.50 173.42 
1992-93 do 200.00 204.16 
1993-94 do 150.00 152.20 
1994-95 do 170.00 170.64 
1995-96 1814.78 190.00 281.42 
1996-97 2071.83 400.00 285.50 
1997-98 2308.42 400.00 181.12 
1998-99 2300 450.00 221.96 
ater Resources De artment Govt. of Bihar Pro eand (W p, , gramm 
Achievements Reports for the years, 1998-99 and 1999-2000.) 
The reason for low collection could be to due to the fact that earlier, a distinct 
system of revenue collection existed, known as satta system. It was a form of 
lease agreement between the farmer and the Department of the Government In 
this system the farmer had to procure the right to use canal water. They had to 
apply for getting water every year and permission was accorded by the canal 
officer on the basis of the condition of the canal, village channel and clearance of 
the dues of the previous years. There was provision oflong term lease also, say 
from 2 years to 15 years. When due to certain reasons there was shortage of water 
the long term lease holders got preference over the annual-lease holders. For 
implementing the satta system, there was a hierarchy of officers. The entire 
system hinged on Lambardars also called sattadars who were farmers having say 
in the village matters. Patrol, the lowest government functionary of the 
Department, used to inspect the land in his daily inspection and note the progress 
of water in the field. He never interfered in the operation and management of 
Lambardars, who had the sole responsibility of operation and management at the 
microlevel, even though he i.e.; patrol was instrumental in assessing the area 
irrigated. Over the passage of time due to certain changes in the concept of the 
irrigation, the satta system was abolished. But the abolition of the satta system 
could neither bring about any improvement in irrigation nor in the rent collection. 
Difficulties in irrigation increased further. Revenue collection arrears started 
mounting up and the cost of collection continued to be more than the amount 
collected. This situation seriously compelled the government to start looking for 
alternatives of water management and, PIM, appeared prima facie to be the 
solution. 
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Description Qf~ Paliganj System: An action research program, in Paliganj 
distributary was taken up in the year 1988, under US AID, by Water & Land 
Management Institute, Bihar. It was finally handed over to the farmer's 
organization in the year 1997. Paliganj distributary is part of Patna canal, which in 
turn is a part of the Main Eastem canal of the Sone Canal System. Paliganj 
distributary offialces from 46.2 miles (67.92 Km) ofPatna canal between Arwal 
and Mahabalipur locks. Patna canal in this reach has a full supply depth of 6.5 
feet (2 m), width of 60 feet (18.6 m) and bed slope of 1 :7000 and a capacity of 
905 cusecs (26 cumecs). The total length of the Paligunj distributary is 
approximately 26 Ian and has two sub-distributaries, Cbandos offialcing at 9.7 km 
and Bharatpura at 16.6 lan. The designed discharge of the Paliganj distributary is 
180 cusecs (5.14 cumecs). The details of the area under the action research 
program was as follows: 
Table 3, Area Under Paliganj Water Users Association. 
S Name of channel Length of Capacity in Culturable 
N channel in cusecs (cumecs) command area in 
miles(km) acres (ha) 
1 Paliganj reach I 6.06(9.70) 178.5 (5.1 0) 5770 (2308) 
2 Chandos sub-dist. 4.25 (6.80) 24.5 (0.70) 6075 (2430) 
3 Paliganj reach II 4.31 (6.90) 109.2 (3.12) 4910 (1964) 
4 Bharatpura sub-dist. 3.18 (5.10) 24.5 (0.70) 4360 (1744) 
5 Paliganj reach III 5.87 (9.40) 54.6 (1.56) 9377.5 (3751) 
Total 30492.5 (12197) 
(Bench Mark Survey Report, Technical PublicatIon No. 51, W ALMI, 
Bihar) 
In the bench mark survey carried out by the action research tearn they had 
identified the following reasons for poor performance of the system: 
• complete absence of micro level planning, 
• lack of proper and adequate control structures in the canal, 
• inadequacy of water courses, and 
• unauthorized withdrawal of water by bank cutting. 
In the above report the Action Research Programme team had spelled out several 
measures to be adopted for the situation to improve, but the following are more 
important ones: 
• modem scientific water management techniques, 
• suitable and equitable distribution ofwater, and 
• evolving effective water scheduling for the entire distributary command. 
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Basawan Sinha in his seminal study "Cropping pattern and Operation Schedule in 
Sone Irrigation System" 1992, has carried out a very thorough sampling of 
fanners regarding adequacy, timeliness. Their perception regarding the whole 
system amongst other parameters and the sample survey for the Patna canal 
system. of which Paliganj distributary is a part of the tail end system, is revealing. 
In the tail end system, only the large farmers appear to be comfortable as far as 
the canal efficiency is concerned. As far as timeliness of water supply is 
concerned the same story is repeated. About framer's perception for non-
availability of timely and adequate irrigation by canal every one decried the poor 
conditions of the canal and negligence of the canal operators. It should therefore 
have been desirable to rehabilitate the canal system to its original condition before 
handing it over to the beneficiaries. The new managers of the system could hardly 
be expected to improve the long neglected canal system overnight. Little that 
could have been done was to ensure that the structures were at least rehabilitated 
before the system was handed over. 
Since the start of the Action Research Program till September 1992, the 
government had spent approximately Rs. 57,00,000.00, an amount that does not 
include the salary and other expenditure of a large number of staff engaged in this 
program. Audited figures for the subsequent years are not available. The 
performance of the water user's group too has not been encouraging, keeping in 
view that this program has been going on since last 11 years. The farmer's 
organization of the Paliganj, after it was transferred to them, could collect only 30 . 
percent of the total revenue over last three years. TIle revenue due is piling up, as 
was the case before the turnover. The most sad part is that it has not been 
replicated anywhere in the State so far. There is a program of replicating it in 40 
other systems but the majority of the farmers of these 40 systems complain about 
the poor condition of the structure and behavioral attitude of the staffs. They cited 
lack of co-operation amongst themselves, bad condition of the canal and its 
structure, lack of resources after the turnover to carry out 0 & M and non 
willingness to pay the water rent (a legacy of the past), as main impediments in 
managing their affairs. Except the constraints of the fund to carry out 0 & M 
activities after turnover all are social problems. 
CONCLUSION 
There is no single model of PIM, which can be replicated everywhere because to 
make PIM a success it has to be viewed with a socio-cultural angle. It would be 
evident from the case studies of Columbia and Mexico that "social issues" have 
been cited as requiring corrective measures. The per hectare cost on staff is a 
major issue of concern for the government in Philippines and PIM has been 
successful in smaller areas of 50 to 200 hectares and strong leadership quality has 
been attributed for its success. Sri Lanka had a long tradition of community 
management of irrigation system. So is the case with Turkey. But in Asia, where 
the rural masses are a heterogeneous conglomeration can it succeed? Probably, 
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only ifthere are rules clearly defmed and they are rigidly enforced. This takes us 
to the next logical question. Can the rule be enforced? If so, then what was the 
need to introduce PIM? The canal system as a whole was delivering the required 
results say three to four decades earlier. Only when the system started developing 
cracks and no remedial measures were taken, the present situation developed. 
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Water has also to be treated as economic good, and sooner it is done the beUer. As 
every country bas its own unique water- pricing problem due to socio-politlcal 
reasons, it appears that it is an elusive goal. Those who put forward arguments 
that increased prices will make water un-economical are not entirely correct. For 
example Mexico raised the water prices by almost 400 percent at the time of turn 
over, and even in Sone Canal System in India there was increase in water rates but 
the demand for the irrigation did not fall. In the age of international funding it 
should also be obligatory on the part of the donor agencies to insist upon 
economic pricing of the water. Subsidies must be done away with, because it 
leads to wastage of water and there should be realistic pricing of agricultural 
produce. The Governments in the less developed countries also do not want to 
make the water users agencies more independent because it gives the government 
an opportunity to exercise discretion. Duane is of the view "to keep such agencies 
finnly in the political domain where there is maximum opportunity to exercise 
discretion and minimum constraints from the rules of the commercial 
undertakings." 
Management of human resources i.e.; capacity building is a very important factor 
and it should be coupled with performance requirements that means 
accountability, both by the government and by the farmers, as Chamber has 
observed that there is incentive for bad management. There have been many 
instances where the conflict of interest, of different Water Users Groups has 
hindered its functioning in the social and political environment, which favors 
"grabbing any thing one can get away with". 
The most important part is that case studies by people, who advocate, or oppose 
the water users group are highly biased. Some of the notable successes like Sri 
Lanka's Gal oya system is highly projected and though it bas been implemented 
in many countries since then, its replication has, not been so successful elsewhere. 
One can not wish away the water users group, they are necessary, at least 
theoretically, but to make them successful the Water Users Groups should be 
given executive power and authority (if the Governments are willing to lose their 
control). In USA and France, where the farmers own the irrigation systems, they 
can influence the transfers, promotions of the staffs. Mass and Anderson, have . 
rightly observed about solution to frictions amongst the cultivators of a 
distribution system regarding equity of supply "no irrigation community has been 
able to settle except by long and costly experience." 
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As mentioned earlier, the donor agencies have a crucial role to play. Levine has 
observed that World Bank's National Water Management Projects and US 
AIDS's training program in India left the questions of organizational and 
infrastructure changes to other programs. The donor agencies must insist on 
perfonnance indicators and aid should not be a part of bigger political game. For 
PIM, to succeed the first and foremost pre-requisite is political will at the highest 
level as is the case in Mexico. It is too premature to comment on Andhra Pradesh, 
India, where it has the support of the highest political executive of the State. 
Participation can be termed as conscious involvement. In the Asian context, it 
seems to be elusive. The rural masses lack community character and it is 
heterogeneous mass of conflicting interests. Social factors like religion, caste, 
gender bias further add to this woe. Lack of legal rights to the farmers and 
poverty, is another impediment in participation. This leads us to the challenges 
facing the millenium. What is to be done? One option could be "ostrich" like 
situation. Just imagine that it does not exist. The other option could be to let the 
matter drift, with donor agencies pumping funds for "action research" studies, 
training, seminars etc. After a decade or so there would be discussions on ''third 
generation" problems based upon highly biased case studies, put forward by 
protagonists and antagonists of the PIM. In the prevailing Asian context, we feel 
that one of the options to improve the situation is will at the highest level. For 
example the Act Number II of 1997, Chapter II, clause 14.5, governing the PIM 
in Andhra Pradesh, India, lays down that "A person having more than two 
children shall be disqualified for election or for continuing as a Chairman or a 
President or a Member of the Managing Committee." Such rules may not have to 
do any thing with PIM, but it sends down a strong signal to all concerned that 
business is intended. 
Emerging social changes have raised many new issues in water management. The 
state has always played a leading role in water resources management, but the 
inefficient use, poor recovery of revenue and widespread malaise of corruption 
has forced the governments to look for alternative methods of management It is 
an accepted fact that user based allocation is more effective than that practiced by 
the state, but participatory action is also not equally effective everywhere and it 
will succeed only where there is strong demand of water coupled with a history of 
cooperation amongst the users. 
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PRIVATE GROUP IRRIGATION PROJECTS IN MANITOBA 
CENTRAL MANITOBA RESOURCE MANAGEMENT L TD.- A CASE STIJDY 
B. Shewfelt, M.Sc., P.Eng.1 D. SmallwOO<f2 
ABSTRACf 
Irrigation projcc::ts in Manitoba have historically been devdopcd by individuals, exploiting 
water sources close to their land base. In the 19909 private group irrigation companies 
have emerged. 1bis paper explores the management issues of one such company, Central 
ManJIoba Ruource MonageJMnt Ltd. 
Ccn1ral Manitoba Irrigation Association Inc., acting for its 4S producer members, 
prepared an irrigation development strategy for South Central Manitoba. An operating 
company, Ccn1ral Manitoba Rcsoun:e Management Ltd. (CMRM Ltd.), was established 
in 1999 to own and operate the off-farm infrastnJcturc resulting from the strategy. 
CMRM Ltd. developed SCVCD. projcc::ts in 1999, involving IS shareholders and supplying 
6,000 acres (2 400 ba) of irrigation. 
CMRM Ltd. 's IlWIIgClllCDt struc:turc retains local autonomy. The capital, operating, 
maintcuancc and administrative costs arc prorated to CIM:b shareholder at the project level. 
The single operating company allows for streamlining of administrative requirements 
while shareholder agrccmc:nts ensure protection of the individual producer's equity. To 
protect the share value, the operating company applies for and retains the Water Rights 
and Environment Act liccuccs. Furthermore, group liability insurance is provided to the 
company's shareholders. 
The operating company provides Government rcsoun:c managers with a single contact for 
licencing, enviroomcntal monitoring and channel maintenance issues. Environmc:ntal 
liccuccs issued to the opcrIting company increase accouotability in rcsoun:e utilization, 
monitoring and protec:&ion. The irrigated agricultural sector benefits from the enhanced 
sustainability and inc:msscd potential to attract and support further valuc--addcd industry. 
For the producer, the opcratins company is not a complicated concept, but docs require 
cooperation. Producers benefit from peer interaction iIld coordinated cnviromnental 
initiatives. The operating company structure allows for participation of both irrigating 
and non-irrigating landowners in joint projects. On the negative side, the cost of 
licencing, monitoring and maintenance of channels is being downloaded towards the 
producer. This alOllg with increasingly stringent regulations, makes development times 
unacceptably long and altemative investmcots more attraetive. 
District Manaaer, Prairie Farm Rehabilitation Administration, PFRA, 
200-101 Route 100, Morden, MD, Canada, R6M IYS. 
Manager, Association ofinigators in Manitoba Inc., Morden, MB, Canada. 
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INTRODUCTION 
This paper describes Central Manitoba Resource Management Ltd (CMRM Ltd); a 
private group irrigation company in South Central Manitoba. The paper documents 
issues of management structure, benefits and costs and operational issues. 
Central Manitoba Resource Management Ltd. is the second private group inigation 
company developed in Manitoba within the last decade. The other, Agassiz Resolll'ce 
Management Ltd (ARM Ltd), fonned in 1995, resulted from a need to share and manage 
the limited water resources on intermittent streams (pFRA. 1997). ARM Ltd. now owns 
and operates, or is in the process of transferring in, 14 reservoirs (Fig. l) and associated 
pipelines. ARM Ltd.'s projects serve approximately 5,000 acres (2 000 ha) ofinigation, 
or close to 15,000 acres (6 000 ha) ofland base (in rotation) for 21 shareholders. 
Central Manitoba Resolll'ce Management Ltd was incorporated in 1999. CMRM Ltd. is 
in the process of finalizing agreements with 16 shareholders for ownership, operation and 
management of seven inigation projects (Fig. 1). These projects service up to 6,000 acres 
(2 400 ha) of inigation in rotation (1:3 years typically). or a total land base of close to 
18,000 acres (7300 ha). The projects include 6 reservoirs, 60 miles (100 km) of 
pressurized pipes, and pumps capable of delivering 20,000 USgpm (I 250 lis) to on-fann 
distribution systems (e.g., pipes, pivots, traveling guns). 
For the year 2000, a third operating company is poised to take hold. SoIll'U Valley 
Resolll'ce Management Ltd (SJ'RM Ltd), will operate in Southwest Manitoba. SVRM 
Ltd. is currently designing and licencing four projects (Fig. 1), involving about 7 
shareholders, and totaling over 2,000 acres (800 ha) ofinigation. 
HISTORICAL IRRIGA nON IN MANITOBA - 19708 TO EARLY 1990s 
The agricultural industry in Manitoba has adopted inigation in a market-driven fashion, 
requiring a return on investment equal to or greater than alternative investments (AIM, 
1999). As a result irrigation development in Manitoba has largely been associated with 
higher value crops. For example, in 1997, approximately 75 % of inigation development 
involved horticultural crops (Gaia, 1997). Potatoes represent 91% of the borticultural 
cropping mix with vegetables (e.g., ~ts, onions) representing 70~, and nursery and 
fruit the other 2% by acreage (Gaia, 1991). Figure 1 shows the spatial distribution of 
existing inigation in Southern Manitoba. 
The frost free period in the southern agricultural zone of Manitoba, ranges from 100 to 
125 days (MB Potato Council, 1994). Growing season precipitation in southern 
Manitoba averages from 9 to 11 inches (180 to 280 mm) (MB Agriculture, 1998). For 
southern Manitoba the average water deficit for potatoes is between 2 to 5 inches (50 to 
liS mm) and the deficit at 10% risItl is between 4 to 9 inches (100 to 180 mm) (MB 
Agriculture, 1998). Irrigation makes up this small deficit in moisture, increasing on-farm 
yields and ensuring a consistent quality product demanded by processors. 
10% risk refers to the water deficit for potatoes equaled or exceeded I in 10 years 
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Fig. 1 - Irrigation in Southern Manitoba and Location of CMRM Ltd. Projects 
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Virtually all irrigation infrastructure in Manitoba is privately owned. Large Government 
funded group irrigation projects have been proposed for Manitoba in the past. Most 
rcc:ently, the Assiniboine-South Hespler Area Study, completed by the Federal and 
Provincial Governments in 1987, proposed to deliver water to 300,000 + ecres (120 000 
ha) at a capital cost of close to S500 M (1999 SCdn.).4 The project failed to gamer public 
fmancial support and did not proceed. In contrast in the decade since 1987, private 
individual and group irrigation development have accounted for an increase of 
approximately 33,000' acres (13 400 ha) (AIM. 1999). The current rate of development 
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Prior to the late 1980s, a perception of unlimited water resources prevailed in the 
irrigation industry in Manitoba. The major waJer infrastructure projects had been largely 
built and operated by the Government, and were a significant "bidden" reason for the 
success of individual irrigation developments in Manitoba. The Shellmoulh Dam, the 
Elm, Mill and La Salle River Diversions, the Portage Diversion and Stepbenfield 
Reservoir (Boyne River), were all put in place with Government financing decades ago 
(Fig. I). The Shellmouth Dam and Portage Diversion were developed as flood control 
projects, but generate finn flows and water distribution ~uircd for irrigation 
developments. The Elm, Mill and La Salle River Diversions and the Slephenfield 
Reservoir augment intermittent streams for municipal water supply, providing irrigation 
water as a side benefit at no cost to the producer. Similarly, the costs of resource 
monitoring programs on the Assiniboine Delta and Oak Lake Aquifers and the 
Assiniboine River (Fig. 1) are a Government responsibility, but benefit irrigators. 
Capital cost escalated at a factor of 1.34 from 1987S to 1999$; also 
approximately S350 M (1999 SUS). 
The land base would be a minimum of double to triple this due to the nature 
of irrigating the horticultural crops in rotation. 
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As a result of the existing water infrastructure, local inigation water supplies were readily 
available and cheap at the farm gate. Finn base flows on the Assiniboine River and on 
the augmented intermittent streams and channels allowed for inigation development on 
land dim:Ily bordering the waterways. On the Assiniboine Delta Aquifer and other 
smaller aquifers. water was developed from under the owner's land base. 
Accordingly, prior to 1992 the concept of group inigation projects was given little 
consideration in Manitoba. Projects tended to service only a single sprinkler system. 
Small developments were consistent with the desire of traditional Prairie farm opcmtions 
to keep the production infrastructure under family ownership. This kept the complicating 
factors of dealing with others to a minimum and allowed focus to remain on primary 
production, or the "bottom" line. 
The criteria for environmental impact assessment also made smaller projects more 
desirable. Individual developments diverting less than 160 ac-ft (e.g., adequate for 1-2 
pivots) do not require an environmental licence and neither do water impoundments of 
less than 40 ac-ft. These Provincial Environment Act triggers were rarely exceeded, 
especially for storage. This allowed development to proceed with little consideration of 
more complex factors such as soil, water and habitat protection, and cumulative impact 
assessment. Producers with small projects avoided the complications of the Environment 
Act process and the $2,500 application fee. 
GROUP IRRIGATION DEVELOPMENTS IN THE 19905 
The concept of private group inigation projects in Manitoba was spearheaded by the 
Agassiz Irrigation Association Inc. (AlA Inc.). In 1992, producers in the Wmltler area 
(Fig. 1) proposed to develop group inigation projects, and formed Agassiz Irrigation 
Association Inc. to promote their ideas (AlA, 1992). In contrast to the individual 
developments, the Agassiz Irrigation Association (AlA Inc.) faced issues that made group 
projects desirable. The intermittent streams in the Agassiz area presented a finite water 
SOUR:e with an associated risk of drought AlA loc. was seen as vehicle for producers to 
share the ris1t and for joint resource management with the Government (pFRA, 1997). 
AlA Inc. also recognized the impodance of addressing environmental impact issues. 
Environmental licencing was required for storage in excess of 40 ac-ft (50 dam]), whereas 
Agassiz was planning to develop more than 2,000 ac-ft (2 400 dam') of water storage. 
The Association provided an oconomy of scale in planning and licencing of projects, 
addressed cumulative impacts and coordinated rcsource monitoring and mitigation effol1s 
(pFRA, 1997). 
Part of the AlA Inc. sttategic plan was to form an operating company which would 
manage the group assets of the irrigators. This operating company was incorporated in 
1995 as Agassiz Rcsoun:e Management Ltd. (ARM Ltd.). AlA Inc:. and ARM Ltd. 
formalized their water management and business plan in 1998 (AlA, 1998). Securing 
Government technical and financial support was easier with a management plan that dealt 
collectively with development and environmdltal issues. 
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In 1997, the Surplus Wakr Irrigation Initiative was developed jointly with industry and 
the Provincial and Federal Governments, to help release constraints to privately owned 
group irrigation development in Manitoba. The rate of irrigation development and the 
lack of organizational structure was a concern to prospective industries looking at locating 
in Manitoba. An incentive to fonn group investments, similar to the Agassiz mode~ 
seemed desirable from the point of view of industry expansion. It also became clear there 
would be a need for emphasis on environmental sustainability that could be addressed 
more effectively within the framework of group development. The Surplus Water 
Irrigation Initiative promoted the development of organizations similar to AlA Inc. and 
ARMUd. 
A3 part of the Surplus Wakr Irrigation Initiative, Central Manitoba Irrigation Association 
Inc. (CMIA Inc.) prepared an irrigation development strategy for South Central Manitoba 
and solicited projects from its 45 producer members (CMIA, 19(7). The plan promoted 
group projects along the Portage Diversion and A3siniboine River, as well as 
supplementing the Rat Creek with water from the A3siniboine River. Storage reservoirs 
were promoted on other tributaries to the Whitemud and A3siniboine River. The plan also 
highlighted public issues in the areas of inter-basin transfer OfWakr, cumulative 
environmental impacts, best management approaches to protection of ground and surface 
water and soil resources, and maintenance of channels used to COIlVey water. 
The CMIA Inc. vision took: hold in 1999. CMIA Inc. established an operating company, 
Central Manitoba Resource Management Ltd. (CMRM Ltd.) to own and operate the ofT-
farm infrastructure resulting from the strategy. CMRM Ltd. provided management and 
operational structure for group developments, and negotiated with other agencies to use 
natural and man-made channels to COIlvey irrigation waters. Seven projects were 
developed in 1999 (Fig. 1), all requiring Environment Act licences, which CMRM Ltd. 
obtained on behalf of the shareholders. The formation of CMRM Ltd. signaled a 
significant shift away from smaller individual developments towards larger privately 
owned group irrigation developments. 
OPERATING COMPANIES-MANAGEMENT STRUCTIJRE 
ARM Ltd. and CMRM Ltd. retain a similar management structure. The companies are 
run by a board of directors, elcc:ted from the sharebolders in the c:ompany. Shares are 
issued for projects on the basis of acre-feet developed, and pm:entage of the individual 
assets owned. The assets are limited to the off-farm infrastructure required to deliver the 
water to the farm gate. In Manitoba, irrigation projects are designed to service multiple 
locations since the on-farm irrigation systems are often rotated with the horticultura1 
crops', which are typically grown in a 1:3 year rotation. 
6 The CMRM Ltd. projects largely involve irrigated potato production in 
rotation with dryland production of oilsceds (canola, sunflowers, flax), 
grain (wheat, corn) and pulse (beans). There is a small acreage ofirrigatcd 
special crops including carrots, horseradish, garlic and hybrid seed production. 
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A shan:holders agreement is issued defining: 
• shareholder's company name; 
• asset location and na1ure (i.e., pipelines, pumps, reservoirs); 
.. % ownership of the asset in question; 
.. acrc--feet developed and therefore shares (e.g., I share per ac-ft); 
.. responsibilities of the shan:holder and CMRM Ltd., namely: 
.. liability insurance to be obtained by CMRM Ltd.; 
.. shareholders loan (if any); 
• default conditions; 
.. maintcDancc agreement; and 
.. user privileges and responsibilities. 
The shareholder companies often have multiple business partners. In addition, 
shareholders can be irrigators or dryland produ<:crs. This is important since the land base 
for the irrigation systems often includes rented or leased land. Some potato producers 
rent their own land for dryland production in tum for access to an expanded land base. 
This allows them to concentrate capital and management on the higher value potato crop. 
The dryland fanner can capture an increased land value (i.e., rent) in return for becoming 
a shareholder in the operating company. 
Land control and regulatory licences secure the asset for CMRM Ltd. Reservoir 
ownership is transferred to the operating company (e.g., CMRM Ltd.), which involves 
legal subdivisions. For pipelines 8Ild wells, the operating company (e.g., CMRM Ltd.) 
takes an easement or lease on the property the asset is located on. In the case of public 
property (e.g., road allowances) a municipal approval for the utility location and 
maintenance is required. Any other utility crossings, such as highways or railways, are 
covered in separate agreements with the regulating agencies. Water Rights and 
Environmental Act licences are held by the operating company (CMRM Ltd.), in order to 
secure the share value. CMRM Ltd. may also obtain financing for individual projects, on 
the basis of the shareholders agreements, the asset value and licences held. 
Day to day project management and maintenance is done by the shareholders in the 
specific project. Maintenance can be payed directly by the lD8IUIging shareholder, or 
hired out to a contractor. Where the project assets are jointly owned and operated, 
specific agreements on sharing of maintenance, operating and capital costs are required. 
Typically these are based on delivery capacity (e.g., &pm for pipelines and pumps) or 
volumetric requirements (e.g., ac-ft for storage), or at agreed to hourly rates. 
AdmiDistration of the operating company is the responsibility of the Manager of CMRM 
Ltd. The CMRM Ltd. administtative fimctions include: posting of asset valuations, 
accounting of expenditures and depreciation, annual financial reports, arranging 
easements and land transfers, submitting documentation for water rights licences, liaising 
with Government and the public on issues of the environment. arranging for monitoring 
equipment and sampling, reporting on water usc 8Ild environmental monitoring. and 
applications for Government assistance. 
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TIlE ROLE OF THE IRRIGATION ASSOCIATIONS 
Agassiz and Central Manitoba Irrigation Associations continue to hold a broader 
membership base than their sister operating companies (i.e. CMRM Ltd., ARM Ltd.). 
This provides for discussion of issues relevant to all producers, including individuals not 
part of the operating company. The managers of the Associations (AlA Inc., CMIA Inc.) 
also manage the operating companies (ARM Ltd., CMRM Ltd.). Producer memberships 
are collected to cover operating costs of the Associations. 
Broad based planning and pre-fcasibility studies can be carried out by the Associations on 
behalf of all members; often resulting in specific projects which are thereafter turned over 
to the operating company for development. CMIA Inc. is currently involved with 
planning, research, monitoring and consultation in the following areas either directly or 
through the provincial irrigators association (Association of Irrigators in Manitoba Inc.): 
• groundwater table reservoir sustainability (North Portage); 
• EM38 mapping of selected irrigated soils (i.e. salinity); 
• Portage Diversion operation study; 
• healthy river discussions (e.g., instream flow needs); 
• infrastructure planning studies; and 
• development of Best Management Plans for irrigators. 
RETURN FROM IRRIGATED PRODUCTION 
The benefits of irrigated crop production accrue at sevcra1levels, including the producer, 
the industry and the Government. This section attempts to list these benefits, albeit in a 
qualitative manner. The Surplus Water Irrigation Initiative recently approved a study by 
the Association of Irrigators in Manitoba Inc. into the "Economic Impact of Irrigation in 
Manitoba". This study, to be completed in the year 2000, will attempt to quantitY the 
benefits of irrigation in Manitoba and to whom they accrue. 
In the years since the drought of the late 1980s, the potato processing induslly in 
Manitoba has made irrigation a requirement for existing and new producers. Of the 6,000 
acres (2 400 ha) to be developed by CMRM Ltd., about 500/0 was in potatoes prior to 
irrigation and 50% is 'new' potato growers who obtained contracts on the basis of 
developing irrigation projects to secure production. Thus, net benefits to the irrigation 
crop accrue from either the conversion of dryland potato production to irrigated potato 
production or from conversion from dryland grain and oilseed production to irrigated 
horticultural crops. 
To estimate the net benefits of the irrigation projects to the producer, a couple ofmcthods 
are available. Firstly, irrigated production allows for contracting a higher net yield with 
the processing company, requiring fewer acres to deliver the contract. As a result, the net 
unit cost of production has been estimated to be approximately $1.11 per hundredweight 
(cwt) (1991 $ Cdn.) less for irrigated production than dryland production (AIM. 1999). 
Using a net yield of220 cwtJ acre (Manitoba Agriculture, 1999) the net return of 
converting from dryland potatoes to irrigated potato production can be estimated to be 
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$2S0 pa' acre ($620 pa' hal pa' yeaz.7 Depending on producer's specifics this increment 
could be larger than that associated with conversion from dryland grain and oilsccd 
production to irrigated potato production. AIM (1999) estimated net n:tum for 
conversion from dryland canota and wheat to inigated potato production at about $200 
pa' acre ($500 pa' hal per year. 
Another method to estimate the value of inigation to the producer is to look at the net 
incremental yield pa' aac resulting from irrigation. Shaykcwich et al. (1997) indicate an 
return of about 16 eM per acre pa' inch of total precipitation.' Manitoba Agriculture 
(1998) presented average water deficit maps to maturity for potatoes in Manitoba; the 
deficit varied from 2" to 3" (SO to 7S mm) in the CMRM and ARM areas to 4" to S" (100 
to 12S nun) in the Assiniboinc Delta Aquifer and South West Manitoba areas (Fig. 1). At 
a contract price of $7.00 Icwt this amounts to a potential increased income of from $280 
per aac ($690 pa' hal to over $SOO per acre ($1200 pa' ha).' 
The additional potato production associated with the CMRM Ltd. projects is contracted to 
the two french tiy processing plants in Manitoba. ~t expansion ofthcsc plants Iw 
rcsulted in a continued need to expand the inigated potato production. The processing 
plants benefit from the security of supply which allows them to remain competitive for 
contracts. 
The Governments of Manitoba and Canada benefit from irrigated production through 
reduced unemployment and through sales, business and income tax revenues. In 1997, 
the two processins plants in Manitoba spent approximately $300 M with suppliers, of 
which $240 M was spent in Manitoba. The plants employ between I,SOO and 2,000 
people in Manitoba. Approximately 90% of the product is exported out-of-province 
bringing net trade SUlplus to Manitoba and Canada (AIM, 1999). The construction and 
operation of the inigation projects also creates jobs and tax revenue. While the majority 
of the inigation equipment (sprinklers, pipe and pumps) are purchased from United States 
manufacturers, local construction companies and equipment suppliers have installed the 
systems and COI1lItnK:tcd the major works (e.g., reservoirs). The 1999 CMRM Ltd. project 
works will cost close to $3 M ($SOO per acre, $1200 pa' ha), not including on-fann 
sprinklers, pumps and pipes. On the farm, the increased employment from conversion of 
3,000 aaes (2 400 hal from dryland cereal production to irrigated potato production 
amounts to about 17 person years of employment 10 Assuming an additional 100 acres of 
vegetables associated with the projects adds another 12 pcrsoo years. II The net value of 
these benefits to the Government Iw not been quantified. 
10 
The incremental return from premiums paid for quality resulting from inigation 
was not included in the study (AIM, 1999). 
Total pre\:ipitation is the sum of irrigation and rainfall. 
$7.00 per eM x 16 cwt pa' inch x number of inches average moisture deficit 
Ccrca1s @ 1000 acres (400 hal per person year and potatoes at ISO acres pa' 
person year (60 ha), vegetables at 8 acres (3 ha) per person year (AIM, 1999). 
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BENEFITS AND COSTS OF GROUP PROJECTS 
Group irrigation projects have incmnental benefits over and above the direct measurable 
monetary return to irrigation. At the Government level, the following benefits accrue: 
• group projects require environmental impact assessment, which ensures 
monitoring and implementation of Best Management Practices for soil and water 
resource protection; 
water use data collected by the operating company aids the Government in 
operation of their water structures (e.g., Shellmouth Dam. Portage Diversion); 
• environmental mitigation measures can be negotiated on an industJy-wide basis; 
• empowering local agencies to deliver environmental mitigation leads to better 
producer understanding and reduced environmental impacts (Shady, 1997)11; 
large producer organizations make it increasingly feasible for Government 
agencies (e.g., PFRA), to educate producers in resource management issues 
(e.g., soil, water and habitat conservation); and 
Water Rights licencing will become more streamlined with knowledgeable 
advocates filing the applications. The number of resulting licences will be 
reduced. Turnaround time should improve. 
In a similar fashion. group projects benefit the producer in certain "intangible" ways, 
accruing the following benefits: 
• project planning experience is available to new growers (e.g., licencing. 
engineering design. tendering. installation standards); resulting in higher standard 
projects with better longevity and safetyll; 




Environment Act and Water Rights licences have a value to the producer with 
respect to securing financing and protecting their investment value; 
larger and more complex projects (delivering water further from the source) are 
identified for study and can be considered for implementation (e.g., KGS. 1999); 
and 
Under the Hill Farms (PFRA. 2000) have implemented Best Management Plans 
and provide peer leadership within CMRM Ltd. ARM Ltd. monitors s~ 
flows on three stmuns below the escarpment and has a soil resource project 
which documents groundwater fluctuations and salinity flux (pFRA. 1997). 
ARM Ltd. is currently renovating several reservoirs to current design standards. 
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resource monitoring projec1s provide real data to producers making management 
decisions (e.g., nutrient and water scheduling, drainage improvements (e.g., tile), 
soil monitoring) (PFRA. 2000). 
The trade-off for group projects is the increased cost to the Government and the producer, 
neither of which have been accurately measured. The change to group projects has 
triagcred an increase in Environment Act Proposals (i.e .. five in 1999). Although no 
additional staffhas been hired by the Government as a result of this workload, there has 
been a noticeable delay in the review period. At this point, the Surplus Water Irrigation 
Initiative has financed the environmental assessments which 8l'C oosbng in the order of 
$50 to $100 per acre ($125-$250 per ha). In addition the cost of filing Water Rights 
licencing applications has been funded by the Government. Producers must pay an 
additional $2 per acre ($5 per ha) environmenta1 application fee and the operating costs 
forCMRM Ltd. of $1 to $3 per acre ($2.5 to $7.5 perha) per year (e.g., insurance, 
management, accounting). The cost of the environmental monitoring programs has yet to 
be determined, as they 8l'C still under negotiation with the Government. 
In addition to the monewy costs, the environmental approval process has a potential 
opportunity cost. The environmental review process is open-ended, reacting to public 
involvement and is not yet wen defined relative to some issues (e.g., fISheries 
requiranc:ots). As a result the process is data intensive (e.g., detailed soils surveys; well 
and aeck water qualities; production issues) and has lead to increasing consulting costs. 
Overlapping of jurisdictions result in duplication of applications and increase the cost of 
licencing (e.g., Provincial water licences, municipal permits, Provincial and Federal 
environment impact analysis). Relative to the time frame for licencing small individual 
projects, the licencing process for larger group projec1s can be lengthy (e.g., I year) due to 
time to undertake the required studies. The net rcsuIt is to make alternative investments 
more attractive. 
F1JItJRE OF CENTRAL MANITOBA RESOURCE MANAGEMENT LTD. 
The future ofCMRM Ltd. appears promising. Currently planning and licencing is 
underway for !lDother 2,000 acres (800 hal in the year 2000. Furthermore, CMRM Ltd. 
will be busy in partnership with CMlA Inc., with issues of importance to all irrigators, 
including: 
• planning and promotion of group inftastructurc developments; 
• industry leadership in sustainable development; 
• sUcamlining licence applications to reduce cost; 
• monitoring and reporting on water and soil resources; 
• cultivating stronger partnerships with regulatory and municipal agencies; 
• producer education, setting operational guidelines, and negotiating policies 
(e.g.. BMPs, fuel bandling guidelines, fish screens policies). 
439 
440 Irrigation and Drainage in the New Millennium 
CONCLUSIONS 
The fonnation of the CMRM Ltd. has signaled a shift in irrigation development in 
Manitoba towards group developments. The change, relative to smaller individual 
projects, has potential to accelerate development by delivering water to land further away 
from the available sources. CMRM Ltd. provides structure and management expertise 
required for group projects which involve the development and maintenance of 
conveyance systems and intense consideration of envirorunental sustainability. 
The benefits to group irrigation development in Manitoba are substantial. Producers 
increase their net returns. Industry secures the supply of quality produce. Governments 
accrue monetary benefits from increased taxes and employment, both on and off-farm, 
and benefit from industry responsibility for environmental monitoring. The magnitude of 
these benefits need to be quantified in order to rationalize support to CMRM Ltd.'s 
licencing, operating and monitoring costs. 
The future of the company will require that producers see value in CMRM Ltd. They are 
challenged to look beyond the farm gate to the industry and public benefits of this 
approach. Government, producers and prospective new industries will have a focal point 
to discuss expansion possibilities. New producers won't have to relearn the wisdom in 
irrigation development acquired by CMRM Ltd. Empowerment, education and training 
of CMRM Ltd. 's personnel and producers should lead to better water management and 
more environmentally sustainable projects. 
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EVALUATION OF DIELECTRIC SOIL MOISTURE 
SENSORS FOR IRRIGATION SCHEDULING ON FARMS 
Blaine R. Hanson' Douglas w. Pete~ 
ABSTRACT 
Seven dielectric soil moisture sensors were evaluated for their response to 
changes in soil moisture content and their appropriateness for irrigation 
scheduling on farms. The devices were the Sentry 200-AP, TRIME, TRASE, 
Aquaterr moisture meter, Enviroscan instrument, Hydra Soil Moisture Probe, and 
ThetaProbe. Results showed the TRASE and ThetaProbe devices to be relatively 
accurate compared to the other instruments. Calibration of the other instruments 
may be necessary under some conditions. In the fine-textured soils, the IDR 
devices sometimes would not operate. The Enviroscan has the advantage of high-
frequency measurements, but tended to overestimate soil moisture contents. 
INTRODUCTION 
Recently, dielectric sensors have been developed that determine the soil moisture 
content based on measurements of the dielectric constant of the soil. Dielectric 
devices include time-domain-reflectometry (TOR) sensors and capacitance 
sensors, also called frequency-domain reflectometry sensors. 
Numerous studies have been conducted on using the IDR and capacitance 
methods. Because of space limitations, however, the literature review is omitted. 
A comprehensive review of both techniques is in White and Zegelin (1995). 
Field use of several dielectric instruments revealed readings that were unrealistic 
and contra(y to reported laboratory calibrations. Thus, a project was initiated to 
investigate the response of dielectric methods to changes in soil moisture content 
and their appropriateness for irrigation scheduling on farms. 
I Exteasioo Jnigation IIId Drainage Specialist, Department of Land, Air and Water Resoun:es, 
UniversityofCallfomia, Davis,CA 9S616 
2 Staft"Re.seardI Associate (former), Department of Land, Air and Water Resoun:es, University of 
California, Davis, CA 95616 
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PROCEDURE 
Two approaches were used for this project. The first approach evaluated three 
dielectric soil moisture sensors at six locations in the San Joaquin Valley. Soil 
texture at the six locations ranged from silt clay to loamy sand. The sensors 
evaluated were the Sentry 200-AP, TRIME TDR, and TRASE TDR. The Sentry 
200-AP is a capacitance device that requires installing a plastic access tube such 
that no air gap exists between the tube and the soil. A probe containing two 
electrodes separated by a dielectric is lowered into the access tube to the desired 
depth and a measurement is made. The TRlME TDR device requires a fiberglass 
access tube installed in the soil. A depth probe 7.9 in (200 mm) long containing 
two waveguides is lowered into the access tube to the desired depth, and a 
measurement is made. The TRASE TDR device involves driving two steel rods or 
waveguides into the soil parallel to each other. Two sets ofrods were used with 
one set measuring over a I-foot (0.3-m) depth interval and the second set 
measuring over a 2-foot (0.61-m) depth interval. 
In addition, an Enviroscan instrument was evaluated at four other locations 
containing fine-texture soil. The Enviroscan system is a capacitance device 
consisting of a series of electrodes installed in a plastic access tube. The sensors 
are connected to a data logger. For this study, measurements were made at 4 in 
(0.1 m), 12 in (0.3 m), 20 in (0.64 m), 28 in (0.71 m), and 36 in (0.91 m) depth. 
Two of the locations corresponded to two of the above mentioned sites. 
With the exception of the TRASE device, these devices require carefully installed 
access tubes. Because the installation and removal of the access tubes is time-
consuming and difficult and because of the large number of measurements, it was 
not practical to collect volumetric soil samples each time measurements were 
made. This would have disrupted the soil adjacent to the access tubes and would 
require frequent removal and reinstallation of the tubes. Thus, soil moisture 
contents were measured with a neutron moisture meter (NMM) calibrated for each 
site. These NMM moisture contents were compared with the dielectric 
instruments' readings to evaluate their accuracy and their response to changes in 
soil moisture. In spite of concerns about different zones of influence between the 
NMM and dielectric sensors and possible errors due to the NMM calibration and 
its random counting rate, the results showed that the NMM data provided a 
reasonable description of the performance of the dielectric sensors. 
All instruments were installed along a 6-foot (1.8-m) long transect at each site 
with the NMM access tube installed at the middle of the transect. The sensors 
were located as close together as possible to minimize any small-scale variability 
in soil moisture content, yet not interfere with each other. 
Dielectric Soil Moisture Sensors 
The second approach collSisted of comparing readings of an Aquaterr Moisture 
Meter, Hydra Soil Moisture Probe, and a ThetaProbe with volumetric soil 
moisture contents determined from soil samples. These devices are highly 
portable, thus allowing them to be easily moved. Soil textures used for this 
approach ranged from sandy loam to clay loam. The soil samples, each 59.5 cm3 
in volume, were taken about one inch (25 mm) from the dielectric instrwnent. The 
Aquaterr meter is a capacitance meter with a steel rod containing two electrodes at 
its tip. The rod is pushed into the soil to the desired depth and a reading obtained. 
A color-coded chart relates the instrument's reading to a qualitative indicator of 
soil moisture content. The ThetaProbe is a plastic cylinder 4.9 in (125 mm) long 
and 1.6 in (40 mm) in diameter with four steel rods, each 2.4 in (60 mm) long, 
attached to one end. The sensor is connected to a hand-held meter that reads in 
volumetric soil moisture content. The design of the Hydra Soil Moisture Probe is 
similar to that of the ThetaProbe. Both the ThetaProbe and Hydra Probe require a 
hole augcred to the desired depth of measurement. 
Linear regression equations were developed relating instrwnent readings to soil 
moisture contents. A single equation was developed for each site by combining 
the data of each depth of measurement. The coefficients of these equations were 
statistically compared to those ofa one-to-one (1:1) line (slope =1, intercept = 0). 
Root mean square errors were also calculated between the actual and measured 
values where appropriate. A level of significance of 0.05 was used for all 
statistical tests. 
RESULTS 
Figures 1 a and 1 b show the response of the Sentry instrwnent to changes in soil 
moisture content for two soil textures. For the coarser texture soils, a strong linear 
relationship existed between Sentry readings and soil moisture contents, but 
deviated froQl a 1:1 line (dashed line). For the fine-texture soils, the Sentry 
readings sometimes greatly overestimated soil moisture contents. Values 
exceeded SO percent at a silt loam site, while for the silt clay site, moisture 
contents ranged between about 45 percent and nearly 120 percent, clearly 
unrealistic. 
Coefficients of the linear regression equations showed the slopes of the regression 
equations to be less than one for the coarser texture soils, while for the fine-
texture soils, slopes were between 1.76 and 3.00 even though the unrealistically 
high values were excluded from the statistical analysis. Coefficients of 
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detennination ranged between 0.54 and 0.73. Slopes and intercepts of the 
regression equations were statistically different from those of a I: 1 line. 
The TRASE values represent an average reading over depth intervals of 0 to I 
foot (0.30 m) and 0 to 2 feet (0.61 m), thus soil moisture contents were averaged 
over the same depth intervals. For the coarser texture soils, measurements showed 
a strong linear relationship between instrument readings and soil moisture 
contents for both depth intervals (Fig. Ic). At one of the silt loam sites, little 
correlation occurred between TRASE readings and soil moisture contents, reasons 
for which are unknown. For the other fine-texture sites, linear relationships were 
found such as shown in Fig. Id. For all fmer texture soils, measurements could 
not be made for the 2 foot (0.61 m) interval. 
Coefficients of detennination ranged from 0.85 to 0.98 except for the previously 
mentioned silt loam site (r = 0.02) and the loamy sand site (r = 0.64). Slopes of 
the linear regression equations ranged from 0.68 to 0.74 for the coarse-texture 
sites and between 0.78 and 1.47 for the two fme-texture sites. Slopes were not 
statistically equal to that of the I: I line for all sites except for the slope of the 
0.61-m interval for sandy loam 1. The slopes of the coarse-texture soils were 
statistically equal to each other. 
Measurements were made only at one coarse texture soil because of a limited 
number of access tubes. In a sandy loam, TRIME readings nearly equaled soil 
moisture contents for moisture contents greater than about 25 percent (Fig. Ie). 
For moisture contents less than about 25 percent, TRIME readings exceeded soil 
moisture contents. This behavior occurred at all depths of measurement. 
Relatively little scatter occurred about the trend in the data. 
At the silt loam site, TRIME readings greatly overestimated soil moisture contents 
although a linear relationship occurred. The sensor would not read at the 18 in 
(0.45 m) depth. The instrument underestimated soil moisture content at the two 
silt loam sites (Fig. If). . 
Coefficients of the regression equations showed slopes ranging between 0.55 and 
1.41 and intercepts ranging between -22.01 and 21.63. Coefficients of 
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Fig. 1. Respons. of Sently, TRASE, and TRIME .ensors. 
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detennination ranged between 0.35 and 0.91. Slopes of these equations were 
statistically different from those of a 1: 1 line except for one of the silt loam sites. 
Enviroscan 
Figures 2a and 2b show NMM and Enviroscan readings with depth for two 
different measW'ement dates at the silt loam and silty clay sites. This approach 
was used because Enviroscan readings could not be directly compared with NMM 
readings due to different depths of measW'Cments. Each set of data consists of 
readings in a relatively wet soil and in a relatively dry one. These data show that 
the Enviroscan readings generally were much greater than the NMM readings. 
Most of the Enviroscan readings were at least 1.5 times greater than the NMM 
values. The ratio of Eviroscan reading to NMM reading increased as soil moistW'e 
content decreased. However, at each location, the ratio for the shallowest 
measurement depth only ranged between 0.9 and 1.16. Similar behavior occW'red 
at a silt loam site. 
ThetaProbe 
ThetaProbe readings plotted against soil sample volumetric soil moisture content 
are shown in Fig. 2c and 2d for a sandy loam and a clay loam sites. nata of the 
seven sites sampled showed a strong linear response of 1betaProbe readings to 
changes in soil moisture content with data points relatively close to a 1: 1 line. 
nata of the sites with sandier soil tended to better fit the 1: 1 line than the data of 
the other sites. 
Regression coefficients showed similar slopes and intercepts among the finer-
textured soils, but these coefficients were statistically different from the slope and 
intercept of a 1: 1 line. Similar regression coefficients were found among the 
sandier sites, which were statistically similar to those of a 1: 1 line. Coefficients of 
determination ranged between 0.68 and 0.91 with all but one site greater than 
0.79. Regression equations of the fme-texture soils were not statistically equal to 
those of the sandier soils. 
Aguaterr Meter 
Aquaterr meter readings plotted against soil moisture contents are shown in Fig. 
2e and 2f for three sites. In general, Aquaterr readings responded to changes in 
soil moisture content although considerable scatter occW"red in the data. However, 
outliers appeared to exist over the dryer values of soil moisture at a clay loam site, 
while for a sandy loam site, little change in Aquaterr reading with changes in soil 
moisture content was found. Reasons for this behavior are unclear at this time. 
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Regression coefficients and coefficients of determination show considerable 
variation between the sites. Coefficients of detennination ranged between 0.18 
and 0.77 indicating that much of the variation in the Aquaterr readings is not 
explained by the variation in soil moisture content. 
Hydra Soil Moisture Probe 
The Hydra Soil Moisture Probe readings were much larger than soil moisture 
contents for the three sites evaluated thus far (not shown) with RMS errors of 8.4 
(sandy loam), 11.6 (silty clay), and 12.9 (silt loam). However, a linear relationship 
was found between soil moisture contents and probe readings with coefficients of 
determination ranging of 0.50, 0.80, and 0.91 for the three sites. All of the 
regression equations were statistically different from the 1: 1 line. 
DISCUSSION 
It should be emphasized that these results are specific to these soils. While factors 
affecting the performance of dielectric sensors are not well-identified, some 
factors appear to be soil salinity, soil texture, and type of clay. These sensors used 
in locations with little soil salinity and a different type of clay may respond 
differently. 
The ThetaProbe was the most accurate of the instnunents over a wide range of 
soils with RMS errors ranging from 2.5 to 4.9. The TRASE instrwnent was also 
accurate over these soil types with RMS errors ranging from 1.8 to 5.6 with the 
exception of the silt loam site (fable I). However, it would not read over the 0.6 
m depth interval in the fme-texture soils. The TRIME instrwnent was relatively 
accurate in the coarse-texture soil, but accuracy was marginal at the sites with 
fine-texture soils with RMS errors greater than 8.3 (fable 1). Accuracy also was 
marginal for the Sentry in the coarse-texture soil with RMS errors ranging from 
5.3 to 6.3 and was poor in the fine-texture soils with errors ranging from 8.9 to 
36.2 (fable 1). The errors of the TRASE and TRIME instruments in the coarse-
texture soils were similar to the RMS errors of the NMM, thus suggesting that the 
error in the NMM calibration curve might contribute significantly to differences 
between NMM and TRASE readings. (The RMS error of the NMM is based on 
the difference between calibration soil sample moisture contents and the predicted 
moisture contents from the calibration equation.) Accuracy of the Enviroscan 
system in these fine-texture soils was poor. Aquaterr readings were relative, and 
thus RMS errors were not calculated. Accuracy of the Hydra Soil Moisture Probe 
was poor for the three sites evaluated thus far. 
Dielectric Soil Moisture Sensors 
Instruments with poor accuracy can be used for irrigation scheduling, but field 
observations and measurements will be necessary to interpret the instruments' 
readings relative to irrigation needs. The Aquaterr meter provides a qualitative 
reading only and will require field calibration. 
The TRASE, ThetaProbe, and Aquaterr meter are relatively easy to install in a wet 
soil, but were difficult to use in relatively dry conditions. The Sentry, TRIME, and 
Enviroscan instruments require carefully-installed access tubes, which increases 
their difficulty of installation. Special installation equipment supplied by the 
manufacturers is recommended. Technical support is also required to set up the 
Enviroscan system. 
An advantage of the ThetaProbe and Aquaterr meter is their portability, which 
allows many measurements to be made throughout a field. An advantage of the 
Enviroscan system is its ability to make very frequent measurements and to 
rapidly display the data on manufacturer supplied software. 
The Aquaterr meter is the least expensive (about USS500) followed by the 
ThetaProbe (USS850 for a minimum kit). Minimwn costs for the other 
instruments ranged between USS8,OOO and nearly USSI4,OOO. 
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Table I. Root mean square errors (percent) of the NMM and 
dielectric instruments at the six sites. 
Site NMM Sentry TRIME TRASE 
Sandy Loam 1 2.9 6.3 4.1 3.5 
Sandy Loam 2 2.8 5.3 • 1.8 
Loamy Sand 2.8 5.5 • 1.8 
Silt Loam 1 3.1 29.8 14.1 8.7 
Silty Clay 3.3 8.9 9.6 5.6 



















SENsmVITY OF MICRO IRRIGATION EMI1TERS TO PLUGGING USING 




Treated municipal wastewater can be used in trickle irrigation methods, but if we 
want to have a bigh application efficiency a good management is required. 
Clogging of emitters is one of the most important problems directly associated 
with the quality of irrigation water. This problem is increased when poor quality 
waters like wastewaters are used. 
The sensitivity of different commercial emitters was studied when they were 
working continously during 620 hours. The objective was to find a relationship 
between emitter type and partial or complete plugging. A lateral with six different 
emitters was placed in a controlled experiment in laboratory. Municipal 
wastewater with a primary treatment was used. Later, this water was also filtered. 
Results showed that pressure compensating emitters have a bigh sensitivity to 
clogging. Small pressure increments can help to clean plugged emitters. Plugging 
can also be decreased if wastewater with primary treatment is filtered. Non 
compensating pressure emitters showed a best behavior versus poor quality water. 
INTRODUCTION 
Drip irrigation systems have a large number of emitters that are easily clogged 
due to small flow paths they have. The quality of water is one of the main causes 
of plugging. The problem is furthermore increased ifwastewater is used to 
irrigate. Clogging produces a poor irrigation uniformity. 
Although previous works have been mainly devoted to study procedures to fight 
against clogging, several authors have also analysed the influence of emitter 
geometry. In this way, Lesavre and lairi (1988) selected emitters resistant to 
clogging using wastewaters. Gamble (1986) and Nakayama and Bucks (1991) 
considered self-cleaning emitters to decrease clogging problems. Massoud et al. 
(1994) gave a classification of emitters sensitivity to plugging as a function of the 
minimum flow path. 
I Dapartmeot of Rura1 Engineering. University of Almeria. Calada de S. Urbano, sin. 04071 
Almeria. Spain 
1 Deparment of Agronomy. University ofC6rdoba. Avda. Menmdez Pielal, sin. 14071 C6rdoba. 
Spain 
453 
454 ."Iga"on .nd D,ain ••• in tho Now MID ... I... I 
The quality of irrigation water has been more widely considered. Nakayama and 
Bucks (1991) provided a table given the risk of emitter clogging depending on 
plugging factors: suspended solids; biological growths or chemical reactions. 
Gilbert et al. (1982) studied the clogging of eight different emitters using 
Colorado river water with several treatments. As a conclusion, the water treatment 
affects the normal operation of emitters. In this way, several authors (Bucks et al., 
1979; Gilbert and Ford, 1986; and Nakayama and Bucks, 1986) give practical 
recommendations about treatments depending on specific water quality. 
Although filtration and water treatments reduce the potential of clogging, 
Massoud et al' (1994) conclude that the problem can't be avoided in some 
conditions. Lau et al. (1981) also conclude that any chemical product can totally 
control clogging. 
The main goal of this work is to study the sensitivity of different models of trickle 
irrigation emitters to plugging. Two types of treatments applied to wastewaters 
were considered. Finally, we present some recommendations about the most 
adequate emitter to decrease the risk of clogging. 
MATERIAL AND METHODS 
Experimental Procedure 
Figure 1 shows an experimental bench used for emitter tests. Six different emitters 
were analysed. They are placed in each of the four laterals (16 mm of diameter) 
we have in a random way. Then, four repetitions of each emitter were considered. 
Separation between emitters is 0.2 m. Lateral length is short enough to accept that 
pressure distribution along lateral is uniform. Besides this, each lateral is supplied 
with water by both ends. 
Filtration equipment consist on a disc filter (equivalent to 120 mesh) and sand 
filter (particle size of 1.2 mm of diameter). Due to the fact that water is 
recirculated through the experimental bench, the total suspended solids are 
disminished with time. 
Emitters 
Six commercial types were selected. The parameters (k and x) of the emitter 
discharge equation are shown in table 1 (Chica, 1999): 
Q=kp" 
Where Q represents flow rate (L hoI) and p is the operating pressure (kPa). That 
table also includes the characteristic of emitters. 
(1) 
Micro Irrigation Emitters 















Tablo 1. Characteristics of Emitters and Parameters of Emitter Discharge 
Equation 
Parameten 
Emitter ofdiseharge Q. Type 
equation (IJh) 
k J: 
A 2.79 O.~ 4 Pressure compensating on line 
B 0.38 0.49 4 I Labyrinth inserted (DOn compensating) 
C 0.41 0.48 3.8 I Labyrinth on line (DOn compensating) 
D 4.61 -0.02 4 Pressure compensating on line non draining 
E 0.44 0.48 4 Labyrinth m line detachable (non compensating) 
F 0.54 0.44 4 Labyrinth in line non detachable (non 
compensating) 
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Wastewaters 
Wastewater we have used in this work comes from the wastewater regenerated 
muni"ipal station of the city of C6rdoba (Spain). Two different types of 
wastewater have been used: 
1. Wastewater with primary treatment (WPT). 
2. The same water that once before has passed through the disc and sand filters 
(WPTF). 
Some of the average physics and chemistry characteristics of the wastewater are 
shown in table 2. Those values were analysed each time we took water from the 
wastewater station. The first column shows the values of wastewater with primary 
treatment. The second column has the values of the same type of water once the 
wastewater has passed through the filters the fust time. The third column shows 
the values after four hours of recirculation through the experimental bench. In the 
last case, only the suspended solids were analysed because it is the characteristic 
most affected by the filters. 
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A problem we found in this type of test was that the wastewater station was very 
far from the experimental laboratory . Then, wastewater was carried out in small 
tanks with a capacity of25 liters. Although the water was changed very frequently 
(each four hours), we need to recirculate it during that time and characteristics of 
wastewater were modified mainly in the case that filters were installed (see table 
2). However, it appears that only suspended solids decreased their values in a 
significant way. In another experiment, we studied the deposits in the emitters and 
pipes after four hours of recirculating water. The analysis demostrated that they 
were mainly constituted by organic matter (Chica, 1999). Therefore, the influence 
of filters does not affect other parameters in table 2. 
Micro Irrigation Emitters 
Methodology I!DS! Experimental Procedure 
The experimental test was conducted for 620 hours, that is, the current duration of 
the irrigation season. First, we worked with a type of wastewater and, once the 
experiment concluded, we started with the other type of water. In order to 
simulate, as exact as possible, the field irrigation practices, the system operated 
four hours each day up to reach the 620 hours. 
Each four hours, flow discharge at the nominal operation pressure (100 kPa) was 
measured. Each 100 hours, the flow discharge was also measured at 60, 100, 140 
and 180 kPa, to determine the flow discharge equation. Temperature was 
measured with a mercury termometer with precision ± I "C. 
The sensitivity to plugging was studied computing two parameters: 
I. The decrease of flow discharge (D,), after 620 hours, in relation to the 
nominal discharge expressed as a percentage: 
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D = Qr-Q. xlOO 
q Q. (2) 
where QII (L h·l ) is the nominal discharge, and Q f (L hoI) is the average emitter 
discharge after 620 hours. 
2. The level of clogging (LC) after 620 hours expressed as a percentage: 
where Q, (L hoI) is the mean discharge of each emitter when the test starts.· 
Results were statiscally studied by means of a variance analysis (V A). Means 
were separated using a least significant difference (LSD) test at a significance 
level of95% (Gonz8lez and Ollero, 1991). 
(3) 
Valoes of emitter discharges with time were fitted through a regression analysis to 
several types of curves: lineal; potential; polinomial; exponential and logarithmic. 
Emitter discharge equation was determined from the discharge values obtained at 
the pressures of 60, 100, 140 and 180 kPa, by a regression analysis as well. 
The variation of emitter discharge in drip irrigation is the result of several factors: 
hydraulic variation; manufacturing variability; emitter plugging and water 
temperature changes. At a given operating pressure, as in our case (100 kPa), 
---r 
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there is no hydraulic variation. The importance of each of the remaining three 
factors can be evaluated through a factorial variance analysis (Gooper, 1969). The 
contribution of each factor is expressed by the coefficient of variation. The 
variance analysis permits us to write: 
2 
CV2 =~=CV 2 +CV 2 +CV 2 
Q2 m I C 
(4) 
where a is the standard deviation of emitter discharge, ev is the total coefficient 
of variation for emitter discharges, ev", is the variation coefficient of the 
manufacturer, eVt is the variation coefficient due to temperature and eVe is the 
variation coefficient due to clogging. 
eVe can be obtained from equation 4 once the other ev have been experimentally 
measured. ev, can be neglected because temperature variation in laboratory is 
very low (22-29 "C) and hydraulic regime of emitter is turbulent (Rodriguez-
Sinobas et al., 1999). 
RESULTS AND DISCUSSION 
Deviation of emitter discharge from nominal discharge (Dq) and level of clogging 
(LC) 
Values of Dq and Le obtained after 620 hours of system operation with the two 
types of wastewater (WPT and WPTF) at nominal pressure (100 kPa) are shown 
in table 3. 
Table 3. Flow Discharge Deviation and Level of Clogging of Emitters after 620 
Hours at 100 kPa 
WPT WPTF 
Emltten Q. Q, Qr Dq LC Q, Qr D. LC 
(Lh-') (LI'-') (Lh·') (~.) (%) (LI'-') (LI,') (%) <-.4) 
A 4 3.04 0.02 -99.5 99.3 4.54 3.90 -2.5 14.1 
B 4 3.73 3.18 -20.5 14.8 3.74 3.25 -18.7 12.9 
C 3.8 3.79 2.98 -21.6 21,4 3.74 3.25 -14.5 13.1 
D 4 4.11 4.21 -52.5 53,0 4.03 4.18 -5 8.6 
E 4 4.31 4.32 -31.5 37.4 4.37 4.23 -I 10.8 
F 4 4.13 3.70 -7.5 10.4 4.12 3.75 -6.3 9.0 
A negative value of Dq in table 3 means that flow discharge has decreased and, 
therefore, clogging has increased. Order of emitter according to its level of 
clogging is: 
- For the WPT: A-O-E-C-B-F 
- For the WPTF: A-C-B-E-F-O 
l 
Micro Irrigation Emitters 
The pressure compensating emitter A was the worse in both cases. However, the 
other pressure compensating emitter D had the best perfonnance when the water 
was filtered. 
A variance analysis taking into account the two different types of used 
wastewaters and several emitters was done and the means separated (LSD). From 
the results (see table 4) it can be deduced that there is a significant difference 
between the two types of wastewaters. When the emitters are compared, a 
significant difference in the level of clogging was found between emitter A and 
emitters C, B, and F. 
TABLE 4. Test of Means Comparison for the Level of Clogging of Emitters 
Homogeneous Type of Homogeneous 
Emitters groups wastewater groups 
A I 
D I II WPT I 




~ Discharge Variation with ~ It Nominal Presswe 
Figures 2 and 3 show emitter flow discharge with time using WPT and WPTF 
respectively. In the first case, emitter A was quickly clogged. For emitter D the 
flow discharge recovered as the pressure was increased. Then, this raise of 
pre8SW'C is recommended as a method to prevent clogging once the irrigation is 
finished. In the second case all emitters have the same behavior. 
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Fig. 3. Flow Discharge Variation with Time at Nominal Pressure Using WPTF 
Micro Irrigation Emitters 
A regression analysis bas shown that the general trend of flow discharge along 
time is best described by a polynomial curve for all emitters. Fitting equations 
(where y is discharge in L h-I and x is time in hours) and correlation coefficients 
are in table 5. 
Table 5. Equations Q-t for Each Emitter at Nominal Pressure Using two Different 
Wastewaters 
Emitter WPT WPTF 
Equation R~ Equation RA 
A y=O.OO3x· -O.0609x+2.93 0.72 y=O.OOO2x· -0.0232x+4.S8 0.88 
B y=-4E-OSx"+O.OO33x+3.S8 0.69 y=8E-OSx·-0.0123x+3.77 0.92 
C y=-SE-OSx"+O.OO33x+3.68 0.81 >-9E-OSx'-0.0133x+3.76 0.8S 
D y--4E-OSx' -O.020Sx+4.19 0.S6 y=7E-OSx·-0.0099x+4.l8 0.81 
E y=--SE-OSx' -O.0022x+4.38 0.8S y=O,OOlx·-O.0141x+4.48 0.87 
F y--4E-OSx·+O.0038x+4.07 0.S3 y=2E-OSx' -0.0041 x+4.036S 0.78 
VaDation of Emitter Discharge Eguation (Q:l!llritb Time 
Parameters of emitter discharge (k, x) were calculated for all emitters and for the 
two types of wastewaters at the beginning of the test and at the end after 620 
hours. Results are shown in table 6. 
Table 6. Comparison Between Parameters of Emitter Discharge Equation at the 
Beginning of the Test and after 620 Hours Using two Different Wastewaters 
WPT WPTF 
Emitten Pbases k x R~ k X R~ 
0 0.76 0.32 0.85 1.47 0.24 0.97 
A IQJ - - - 1.53 0.20 0.95 
0 0.53 0.42 0.99 0.60 0.40 0.99 
B ~ 0.47 0.42 0.99 0.41 0.45 0.99 
0 0.57 0.41 0.99 0.49 0.44 0.99 
C QJ 0.33 0.48 0.98 0.40 0.46 0.99 
0 0.58 0.003 0.02 0.70 0.006 0.02 
D IQJ 0.33 0.33 0.60 0.47 -0.02 0.32 
0 0.58 0.44 0.99 0.70 0.40 0.99 
E OJ 0.33 0.47 0.99 0.47 0.46 0.99 
0 0.57 0.43 0.99 0.77 0.37 0.98 
F IQJ 0.75 0.35 0.98 0.39 0.48 0.99 
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Except for emitters A and 0, the correlation coefficient (R2) tends towards 1. 
Then, the potential form of the discharge equation is adequate. For emitter 0, and 
in some cases for emitter A, R2 tends to zero and, therefore, their discharge 
equation is best represented by a constant function because they are pressure 
compensating emitters. 
A variance analysis of the characteristics parameters of the discharge equation 
was done. The comparison between means of those coefficients for each emitter 
showed no significant differences between parameter k and significant differences 
for coefficients x between compensating pressure emitters (A and 0) and non 
compensating pressure emitters (C, E, F, and B) (see table 7). 
Table 7. Test of Means Comparison for Coefficients ofOischarge Equation k and 
x 
k coefficient x coefficient 
Emitten Homogeneous Emitten Homogeneoas 
group group 
D I C I 
A I E I 
F I F I 
E I B I 
C I A II 
B I D II 
Treatment Homogeneous Treatment Homogeneous 
group group 
Tl I T3 I 
T4 I II n I 
1'2 I II Tl I 
T3 II T4 I 
T5 II T5 I 
The comparison between means of those coefficients for each treatment is also 
shown in table 7. In this table we have called: 
TI: coefficients (1, x) of the nominal emitter discharge equation 
T2: coefficients of the discharge equation at the beginning using WPT 
D: coefficients of the discharge equation after 620 hours using WPT 
T4: coefficients of the discharge equation at the beginning using WPTF 
T5: coefficients of the discharge equation after 620 hours using WPTF 
In this case, we can distinguish two homogenous groups for coefficient 1, and 
there are significant differences between the values of k in the nominal discharge 
equation and in the expression obtained after 620 hours using WPT. However, 
there were no significant differences for coefficient x. 
Micro Irrigation Emitters 
As an example, figure 4 shows the discharge equation Q-p for all the above 
conditions in: the case of two emitters: one non compensating pressure (B) and 
other compensating pressure (D).The trend for all curves is the same except for 
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Fig. 4. Discharge Equations in the two Stages of the Test and for the two Types of 
Wastewaters 
Calculation of the Coefficient Qf Y ariatioD ~ !Q Clogging (CVel 
As we have mentioned before, the CVe was obtained from expression 4 neglecting 
previously the coefficient of variation due to temperature (CV,). The values of the 
different coefficients ofvariation (total CV; manufacturing CV", and CVe) are 
shown in table 8. In most cases, CVe is greater than CV. when WPT is used. On 
the contrary, CVe is lesser than CV. when the wastewater is filtered (WPTF). 
Then, the quality of water influences the coefficient of variation. 
Table 8. Coefficients ofYariation of Emitters after 620 HOlUS Using the two 
Types of Wastewaters 
Waste CoefficieDt of Emitter 
water variatioD A B C D E F 
CV· 4 0.010 0.00480 1.3628 0.01431 0.00034 
WP CV.2 0.00116 0.0012 0.00015 0.0036 0.00094 0.0009 
T CVc2 
3.998 0.0081 0.00358 1.3616 0.01399 0.00055 
CV· 0.00054 0.00394 0.00041 0.0019 0.00014 5.8E-05 
WP CV.2 0.00116 0.0012 0.00015 0.0036 0.00094 0.0009 
TF CVc2 
0.00061 0.00212 0.00031 0.0016 0.0008 0.00086 
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CONCLUSIONS 
The type of emitter affects significantly the level of clogging. With all types of 
wastewaters we have used, a compensating pressure emitter (A) has the worse 
performance. However, we cannot conclude against this type of emitter because 
emitter D has the best performance when the wastewater is filtered. 
The variation of emitter discharge with time is best fitted with a second order 
polynomial equation. 
A pressure increment is recommended after the irrigation has finished in order to 
prevent clogging. A complementary study is necessary to look for the limits of 
that increment to avoid the system results very expensive. 
The coefficients (k, x) of the emitter discharge equation show significant 
differences depending on both the type of emitter and wastewater comparing their 
values at the beginning of the test and after 620 hours. Those differences appear 
for coefficient x when emitters are considered and for coefficient k when we 
works with different types of wastewaters. 
The coefficient of variation due to the manufacturer is the main factor of 
variability when the wastewater with primary treatment is filtered. If that water is 
not filtered, the coefficient of variation due to clogging is the main cause of poor 
behavior of emitters. 
The quality of wastewater influences significantly the level of clogging of the 
emitters. Plugging can be decreased if wastewater with primary treatment is 
filtered because the amount of suspended soils is lowered until values quite 
similar to those obtained with a secondary treatment. 
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NCWCD IRRIGATION SCHEDULING PROGRAM -
CONVERTING TO A WEB-BASED ACCESSIBLE PROGRAM 
James E. Draper1 
ABSTRACT 
In an effort to assist residents with conserving 
water, Northern Colorado Water Conservancy District 
(NCWCD) established an Irrigation Management Services 
Department. One of the goals is to promote increased 
efficiency during an irrigation event. In agriculture, 
NCWCD assists the farmer, through an irrigation 
scheduling program, by monitoring their soil moisture 
and providing a report of the moisture status. NCWCD 
provides soil moisture content and ET data relative to 
their crops along with suggested days until the next 
irrigation is needed . This allows the farmer to adjust 
their irrigation sets to maximize the use of their 
irrigation water and better utilize beneficial 
rainfall. NCWCD is presently integrating a web-based 
interface to their irrigation scheduling program . 
IRRIGATION SCHEDULING PROGRAM 
NCWCD has chosen the moisture depletion monitoring 
method for irrigation scheduling over the checkbook 
method, because of the difficulty in accounting for 
every drop of water entering and leaving the fields, 
including deep percolation . In addition, with the 
checkbook method, it is difficult to reestablish a 
calibration point or a starting point without 
saturating the soil profile or actually measuring the 
moisture content when calculations are off. Irrigation 
scheduling by the moisture depletion monitoring method 
is based on measured moisture level readings and crop 
water use data. The program is structured around the 
1 Directs the irrigation scheduling program at NCWCD and is a 
certified crop consultant. Northern Colorado Water Conservancy 
District 1250 North Wilson Ave. Loveland, Colorado 80537 
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analysis and relationship of the water holding 
capacity of the soil and the water needs of the crops. 
Four parameters determine the amount of water 
available within the soil profile, to the crops befor~ 
stress occurs. The first is the effective depth of the 
root profile at the time of the reading. The second is 
the allowable depletion level for the growth stage of 
the crop, in percent of total available water. The 
third is the ET of the crop. Forth is the total 
holding capacity of the soil based on its profile and 
texture. 
The District provides assistance with monitoring the 
soil moisture within agriculture fields. At the 
beginning ·of the season farmers subscribe to the 
irrigation scheduling program which include the use of 
tensiometers, readings once a week, and a printout of 
the status of the moisture within the field at each 
reading. At the time farmers' register with the 
program, the district enters their name, address, 
telephone number and password. Each field is assigned 
a weather station, usually within 25 miles. From soil 
maps or soils analysis, soil water storage capacities, 
soil types, texture, horizons, and parameters are 
defined and entered. The crops grown, along with 
depletion levels based on crop needs, soil texture or 
laboratory analyses are entered. A planting date or a 
green line date is also entered with the expected 
maturity date. 
From the data entered at registration, the crop root 
growth is calculated and tracked throughout the 
growing season. The second parameter is provided from 
historical crop growth curves for northern Colorado. A 
weather station network provides the necessary 
Data to calculate ET parameters for the crops grown. 
The weather station network comprises ten alfalfa and 
three grass referenced-based weather stations plus two 
additional stations located at local golf courses. 
Each station reports twice a day via cellular 
telephone to the NCWCD headquarters. 
Irrigation Scheduling Program 
Fig.l. Typical Alfalfa Reference Weather Station. 
Each station collects wind speed and direction, 
precipitation, relative humidity, air temperature, 
soil temperature, and solar radiation. Each station is 
solar powered with battery backup. Data derived is 
then processed and made available through a touch-tone 
dial system, Satellite subscription service (Data 
Transmission Network:DTN) and a web site. Information 
is also available through mailings and local 
newspapers. From data collected, NCWCD calculates an 
ET value for each weather station based on its alfalfa 
or grass reference. At the beginning of each day, the 
results of the previous week and the previous day are 
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calculated, and based on historical data, a prediction 
for the next weeks water use is calculated and 
displayed for every crop for each weather station. 
The forth parameter, Total water holding capacity of 
the soil is determined from soil charts or laboratory 
analysis. 
After these four parameters are established, 
tensiometers are used to determine the amount of 
moisture available, within the root zone to the crop. 
Fig 2. Typical Tensiometer Installation Site 
AS growing degree-days accumulate, crop water use 
curves are adjusted based on growth stage 
observations. The data entered at registration, with 
tensiometer readings, ET data, and crop water use 
curves are compiled and processed to produce the 
reports delivered to the farmer. The program 
determines how many days the crop will take to reach 
the pre-determined depletion level assigned to that 
crop and field. 
Due to the quantity of farmers signed-up for this 
program, the district has been unable to address all 
the request of the farmers. With approximately 100 
fields each year, one intern can read and report each 
field once a week. When the crop requirements and the 
farmers' irrigation needs do not correlate with the 
Irrigation Scheduling Program 
scheduled day to read the tensiometers, the farmer 
receives an inadequate report and cannot make the most 
intelligent irrigation decisions. In an attempt to 
address these deficiencies and to extend the reach of 
our services to the eastern areas of our district, 
NCWCD is integrating their present irrigation 
scheduling program with a web-based interface. The 
web-based interface will also allow farmers the 
ability to access the program at any time, and enable 
them to receive the services at a greater frequency 
than once a week. This allows farmers the capability 
to read their own tensiometers, run the irrigation 
scheduling program via the internet, download their 
results, and immediately receive a printout of the 
moisture status and an historical graph of the 
moisture levels. 
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Fig 4. Historical Graph of Moisture Status within Soil 
Profile. (Provided to the farmer color coded) 
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I/CIICD IRRIGATION SCllBDtlLIIIJ PROGRAM 
PARMBR'S NAME: Scott Meining 
PARMBR'S ADDRIISS: Gilcrest 
137-2928 
DATI: 0 / 0 / 0 
PIIUl I.D . IItJMBBR 33 
RBAJ)ING BllTRY IIOMBBIt 12 
CROP: COIN 
PLANTING DATI: 111 
ALLOIIABLB DBPBLTION " FOR TBIS CROP: sot 
PRBSBNT AVBRAGB ROOT DBPTR: 36 IN 
SOIL DIPTH 
1ST HORIZON: 18 IN 
2ND HORIZON: 30 IN 
TOTAL FC 
1ST HORIZON: 4 . 87 IN 
2ND HORIZON: 8.19 IN 














TOTAL AV1<IWLB H20 6.25 IN TOTAL AIoLOlWlLB DIPLBTION 3.12 IN 
H2O AVAlLABLB > PIIRI!BHAIIT WILTUD POINT····IN " t RBPBRBKCB TO DBPLBTION LIVIIL Tl!lfSIOMBTBIt RBADIIIJ FOR 1ST LAYBIt: 36 AVAILA1IL1I H2O 1.83 IN +0.64 I1f +5Jt Tl!lfSIOMBTBIt RBADIlIG POR 2ND LAYER: 63 AVAIWLB H2O 2.39 IN +0.46 IN +24t 
AVAlLABLB MOISTIlRI GRKATBR TIWf ALLOIIABLB DIPLBTION WITHIN ROOT ION!. 0.90 IN CROP I. T. YBSTIlRIlAY (1 DAY) .11 
CROP I.T. SINCB LAST RBADINGS .9 
PROJBCTBIl I. T. POR NBXT WBIJI: 1.04 
DAYS OIITIL NBXT IRRIGATION 6 DAYS 
TBNSIOMIITBR RBADINGS •• , - - - - -RBMAINING AVAILABLB MOISTtlRB • sot DBPLB'l'ION RBADING 1ST LAYER 2ND LAYBR . 
4 1.20 1.93 
7 1.20 1.93 
U 1.~ 1.~ 
13 1.20 1.93 
16 1.20 1.93 
19 1.09 1.79 
22 0.98 1.62 
25 0.89 1.46 
28 0.81 1.33 
31 0.74 1.22 
34 0.68 1.11 
37 0.62 1.02 
40 0.57 0.93 
43 0.52 0.86 
46 0.47 0.78 
49 0.43 0.72 
52 0.39 0.65 
55 0.36 0.60 
58 0.32 0.54 
61 0.29 0.49 
64 0.26 0.4' 
67 0.23 0.40 
70 0.21 0.35 
Fig 3. Moisture Status Report Provided to Farmers Once a 
Week. 
Irrigation Scheduling Program 
THE WEB BASED INTERFACE 
The language selected to write the software was 
Microsoft Visual Basic in conjunction with Crystal 
Reports for the outputs. To run a software package 
with multiple inputs such as the irrigation scheduling 
program d~scribed, a properly designed database is 
necessary. Microsoft Access is the software language 
selected to handle the database chores. Customer 
information, crops, soils, and weather data tables 
were designed. Tables to hold data for each field and 
for the tensiometer readings were designed. In 
addition, links to the crop water use guide processed 
from weather data collected by the weather station 
network were created. 
Concerns 
1. The district wanted the ability to log all the 
soil moisture readings into a database while providing 
security and privacy to each farmer: By designing the 
district database to hold all the information and 
allowing the farmers access at the time they log on to 
the web, the district can update the interface, 
monitor the performance of the program, and make 
change accordingly. Password access will provide the 
security desired. 
2. The district also wanted the ability to integrate 
the data from the weather station network into files 
that can be accessed by the farmers when they log-on 
to the web: The design and structure of the database 
again solves this problem. 
~ And NCWCD wanted to provide a way for the district 
to monitor the status of the fields (a watchdog), 
oversee program use, and detect potential problems: 
Having the program run from within the district's web 
site, will facilitate troubleshooting the program, 
repa1r1ng corrupted or damaged files and avoiding 
erroneous inputs. 
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SUMMARY 
The past four years, the program has scheduled three 
hundred fifty fields with one hundred seventy farmers. 
The past two years, the goal of attaining one hundred 
fields per year was not reached because of the lack of 
interest due to increased rainfall. The crops covered 
were alfalfa, both new seeding and established stands, 
barley, dry edible beans, corn, onions, potatoes, 
pasture, sugarbeets, winter and spring wheat, and 
watermelons. A variety of nursery grown cut flowers 
were added in 1999. The Irrigation scheduling program 
has been popular with farmers when drier seasons are 
experienced and less popular when adequate rainfall is 
encountered. The soil moisture content within the root 
zone of fields monitored and the calculated ET has 
tracked within expected deviations. This indicates 
that the soil moisture parameters have been properly 
selected and responses of soil moisture to crop use 
can be accurately predicted. 
The Internet interface portion of the program has been 
delayed due to problems coordinating Microsoft Access, 
Microsoft Visual Basic and Crystal Reports. As my 
expertise and experience in writing code progresses, 
these issues should be resolved. 
ON-FARM AC11VI11ES TO PROMOTE IRRIGATION SCHEDULING 
THE SOUTII CENTRAL KANSAS IRRIGATION MANAGEMENT PROJECT 
Dr. Danny H. Rogers' Dr. Gary A. Clark2 
Dr. Victor L. Martin4 
ABSTRACT 
Dr. Dale L. FjelP 
Robert Stratton' 
Irrigation scheduling has been promoted as lI18114gement tool to minimize 
irrigation water application, however, few irrigators regularly fonowed any 
rigorous scheduling methodology. Kansas State University Research and 
Extension in conjunction with an irrigation association, Water PACK, began a 
long-term project to promote ET based irrigation scheduling and other 
management technology. Area irrigators serve as the focal point of the project 
and over time have been asked to assume responsibility of scheduling the project 
fields. A long-term commitment and on-farm activities such as variable water 
application tests and center pivot uniformity tests seems to have generated 
confidence and acceptance of ET -based irrigation scheduling. 
INTRODUCTION 
The South Central Kansas Irrigation Management Project (SCKIMP) is a 
cooperative effort between K-State Research and Extension (KSRE) and irriaauon 
farmers of South Central Kansas to refine, promote, and transfer the use of 
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'Professor. KIIISIS State University. Biological &: Ag £naIneeria& 147 Seaton Hall, MmbaUm, 
KS66S06 
'Professor. KauIs State University. Deplrtmeot of ApoDomy. 21)14 'Ibroc:IaDortoI HaU, 
Manhattan, KS 66506 
"Associate Professor. Kansas State UnIversity. Dcpar1meDt of Agrollomy. Sudylllld Experimeat 
Field, Box 247. St 101m, ~ 67576 
sProjea Coordinator. SandyIand lniption Field, SandyIad Exporimeat Field, Box 247. St. 101m, 
KS67S76 
475 
476 Irrigation and Drainage in the New Millennium 
irrigation scheduling and water management technology. The primary partnership 
between KSRE and Water PACK (Water Protection Association of Central 
Kansas; members primarily consist of irrigation farmers in the area), has an 
overall goal of improving irrigation water application and water use efficiency to 
the fullest extent possible to maintain a sustainable irrigated crop production base. 
-The thirteen county service area of Water PACK has an irrigated acreage base of 
over one-half million acres and adds millions of additional dollars to the area's 
economy. Although localized areas have groundwater decline problems, in 
general, the south central Kansas aquifer system is being managed at a safe yield 
as compared to the more well known Ogallala aquifer in western Kansas. 
However, this region has a great diversity of water use types. Muncipal and 
industrial water use from the Equus Beds near Wichita, is approximately equal in 
volume to agricultural uses, whereas state-wide agricultural water accounts for 
over 80% of the total water use. Other areas, especially along several stream 
corridors, have substantial and critical surface water needs for wildlife and 
recreational areas. Any reduction in irrigation demand through either improVed 
system efficiency or management procedures without crop yield impact could 
have a positive water resource impact without irrigation economic consequences. 
This was one of the motivations that lead south central Kansas area irrigators, 
through their irrigation association (Water PACK) to request establishment of an 
area based irrigation scheduling and water management project. 
The primary focus group of SCKIMP involves thirteen irrigator field partner sites 
whose operators have made a commitment to allow access to their fields for 
monitoring of production activities, to serve as educational sites for tours, to 
enhance project publicity, and to learn and adopt, as appropriate, improved 
irrigation scheduling and water management procedures. 
Partner field information is then used to educate other area irrigators through in-
field tours, and winter irrigation seminars. Information and experiences are also 
published in written educational materials. Each field site displays a large project 
sign to provide year round pUblicity. During the irrigation season, the signs are 
updated with approximately weeldy and seasonal information on in-field values of 
evapotranspiration (ET or crop water use), rainfall and irrigation. Project 
newsletters featuring project activities and results are also used to transfer 
information. The newsletters are targeted to KSRE agents and other local water-
related agency personnel for their programming use. 
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Co-sponsoring agencies for this extensive project include the Kansas Water 
Office, through State Water Plan Funds, and the Kansas Com Commission. 
Sennioger and Nelson Irrigation Corporations have also provided irrigation 
supplies used in field research and demonstration activities. Automated weather 
stations in south central Kansas established and maintained by the Equus Beds 
and Big Bend Groundwater Management Districts (GMO's) are also essential 
components for the project's success. 
IRRlGATION SCHEDULING USING ET 
ET, short for evapotranspiration, is a measure of crop water use. Reference ET is 
based on the measured climatic conditions from a weather station for a 
"standardized" crop. The reference ET value is a reflection of the atmospheric 
demand placed on the reference crop. This value is then modified by coefficients 
specific to each type of crop. The GMO's in that area of Kansas use a grass-based 
Penman-Monteith reference ET (ET,). The ET, estimate is modified by crop 
coeffients to estimate crop ET (ETJ and then used to develop a water budget or 
irrigation schedule specific to a given field or crop. Irrigation scheduling is a 
process used to determine when and how much water needs to be provided to 
prevent yield limiting water stress or to apply limited water resources . at the most 
beneficial times. Unlike most crop production management decisions, irrigation 
scheduling requires daily data, making it a somewhat tedious management 
procedure to implement at the farm level. Climatic based reference ET 
estimations and computer software (available through both public and commercial 
sources) allow the daily collection and processing of data in a more viable 
management manner. Field partners have been asked to assume more of the 
irrigation scheduling responsibility for their project field during the course of the 
project. Over balf of the partners are now scheduling. 
Figure 1 shows the daily evapotranspiration (ET) for irrigated com grown in Pratt 
county in 1998 which was planted May 10 and reached physiological maturity on 
September 1. In June, which was abnormally hot and dry, daily crop water use 
rates were approaching and exceeding 0.40 inches per day. However, this high 
ET period was followed by July and August with relatively low to moderate com 
ET values. Cumulative daily ET, rainfall and irrigation amounts are shown in 
Figure 2 for the period. The cumulative rainfall line shows the long periods 
without rainfall. Rainfall at that site was below normal for in-season rainfall 
amounts. 
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A field soil water balance is shown in Figure 3 and illustrates the essence of 
irrigation scheduling. This chart is part of a spreadsheet package provided to the 
partners by the SCKIMP project managers. The partners enter infonnation to 
characterize the field, crop and irrigation system. Daily inputs of reference ET, 
rain, irrigation or a measured field soil water content value are used to update the 
balance sheet and output charts. The upper and lower horizontal lines on Figure 3 
represent the soil field capacity (FC) and pennanent wilting point (PWP) levels, 
respectively. The middle dotted line is the management allowed deficit (MAO) 
soil water value. The goal of the irrigation scheduling procedure is to maintain 
the field soil water content between the field capacity and the management 
allowed deficit values. Rain amounts (dots) and irrigation applications (squares) 
are also displayed. During June, the modeled field soil water content was 
depleted below the MAD, in spite of the applied irrigation. This means that the 
crop ET rate was greater than the irrigation capacity to replenish water use by the 
crop. Fortunately the early crop stress was primarily during the vegetative growth 
stages and severe yield losses did not occur. However, earlier irrigation would 
not have been beneficial since the field soil water content was near the field 
capacity level at that time. Thus, the soil profile for that site could not hold 
additional water. Most fields in south central Kansas are very sandy and have 
very low water holding capacity values. 
FIELD VERIFICATION OF THE ET WATER BALANCE 
Part of the process of getting ET based irrigation scheduling implemented 
involves building irrigator confidence in the information. One way to accomplish 
this is to apply varying amounts of water to parts of a field and measuring the 
effects on yield. Four partner center pivot sprinkler systems were modified in 
1997 by adjusting sprinkler nozzle sizes to apply 25% less, 25'Yo more, and 
"normal" irrigation amounts to test zones on narrow strips (approximately 50 ft. 
wide). These test zones or rings were placed near to the pivot point to minimize 
the nwnber of acres affected by the test. The test zone sprinklers were pressure 
regulated and metered to assure the desired application, however uniformity tests 
on two of the sites showed that there was more variability in the application 
depths than expected. As a consequence of the uniformity test, the size of the test 
zones were increased in 1998 to minimize the effect of adjacent un-modified 
sprinklers on the test zone area 
Rainfall was higher than nonnal in 1997, minimizing the potential yield impacts 
of the variable water application amounts. Rainfall and irrigation amounts for the 
four sites are shown in Figure 4. All sites had similar crop water use and 
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relatively good com yields, although sites 4 and 8 with 236 bulac and 247 bulac 
(hand harvest) were the highest (data not shown). Field water use efficiency 
(FWUE) defined as the bushels of grain produced divided by a water depth, which 
was either irrigation plus seasonal rainfall or irrigation only, is shown in Figure 5. 
The 1998 variable water rate study was modified so that the three zones applied 
approximately 50,75, or 100010 of the amount applied by the partner. Three of the 
sites were in com and the application amounts and yields resulted in a confusing 
mixture of yield versus applied water results. The fourth field was cropped with 
soybean. Yield, applied irrigation, and field water use efficiency (FWUE) for that 
site are shown in Figure 6. The yield trend shows the response of increasing 
irrigation with the highest yield at the 100% water application level. However, 
F~ decreased slightly for the 100% level as compared to the 75% zone. 
IN-FIELD PIVOT UNIFORMITY EVALUATION 
Irrigation efficiency and water distribution uniformity for full sized systems are 
also being examined as part of the scheduling project. Adoption of irrigation 
scheduling techniques, especially ET based scheduling, increases the importance 
of good uniformity since an underlying assumption of scheduling is that each 
plant has an equal opportunity for access to applied water. Figure 7 shows the 
plot of water application catch depth from the outer three spans of a field partner 
center pivot system. The outer half of the center pivot represents over two-thirds 
of the irrigated field area and allows for efficient collection of representative 
water application data. The uniformity coefficient for this system was 91 %, 
which meets the accepted industry guideline. However, reduced application 
depths were measured in the 1100 feet to 1250 feet distance range. The applied 
depth in that 7.one was IS to 20010 Ic:ss than the system average, so in the course of 
an irrigation season, when eight to twelve application events might occur, that 
portion of the system would apply a I ~ to 3 inches less total water than the field 
average. Irrigation WUE efficiency for com can be 10 to 20 bushels per inch of 
applied water. Therefore, the "underirrigated" portion of the field could have 
yield losses as much as 50 bushels of com per acre due to the irrigation system 
water application non-uniformity. The area under this center pivot represents 
about 25 acres which could translate into substantial fmanciallosses. Sprinkler 
package nonuniformities have been identified in almost every tested system and 
have increased interest of other farmers in uniformity evaluations for their 
systems. 
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1998 FIELD SUMMARY 
Table I is a summary of yield, irrigation, and irrigation water use efficiency from 
1998 and shows there is considerable variance between partners. However, 
examination of individual field records is required to determine if the irrigation 
schedule followed was appropriate to the field conditions. Rainfall amounts and 
distribution, and soil type also have a large influence on the amount of irrigation 
water needed. Furthermore, yield is also dependent on other production factors 
that are not discussed here. 
CONCLUDING REMARKS 
The South Central Kansas Irrigation Scheduling Project began its third full year in 
the summer of 1999 and will continue through the summer of 200 I. 
SCKIMP has provided an excellent opportunity to develop and maintain a long-
term relationship with irrigation farmers in south central Kansas, resulting in 
positive progress in establishing acceptance ofET-based irrigation scheduling as a 
water management tool. The in-field information measurements and observations 
largely been complimentary to experimental field plot and laboratory based 
research which increases acceptance of irrigation information from those sources. 
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Table 1: FIELD PARTNER WATER USE AND YIELD SUMMARY FOR 1998 
June-Au~t 
Partner Irrigation Production Area Rainfall 
Crop inches bulac acres inches 
1 Com 14.1 162 133 5.3 
2 Com 15.s 180 126 6.34 
4 Com 10.8 180 138 9.2 
5 Com 7.3 142 125 10.01 
6 Com 8.4 177 136 8.33 
9 Com 16.1 175 163 6.52 
13 Com 15.6 143 112 5.93 
8 Soybeans 14.4 54 123 7.57 
10 Soybeans 19.9 55 122 4.71 
11 Soybeans 17.7 62 130 4.72 
7 Alfalfa 21.7 8.1· 130 4.87 
3 Wheat! lI .8 62 169 4.84 
Alfalfa 
12 Wheat! 17.2 57 125 4.88 
MilO/Oats 
• tons per acre 
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MANAGING IRRIGATION AND DRAINAGE FACIUIlES WITII A 
SERVICE ORIENTATION 
Hector M MaIano I 
ABSTRACT 
The performance and sustainability of irrigation and drainage infrastructure 
worldwide in geoeral and in developing countries in particular has been 
disappointing. It is argued in this paper that the main cause of poor performance is 
a lack of servic:e oricntalion in the management of irrigation and drainage 
systems. Irrigation systems management with a service orientation entails clear 
and tramparent accountability between managing agencies and customers and a 
clear delineation of and agreement on the level of service to be provided. An 
essential aspect of this agreement is the ability to link the level of service to the 
cost and price of service. An asset management program is the process that 
enables the managing organisation to formulate a long-term strategy fur managing 
the infrastructure assets and provide this vital information. Two case studies with 
contrasting secvice characteristics are compared. The La Khe Irrigation Scheme in 
Vietnam. and the Goulbum-Murray Irrigation District in Australia. In both cases, 
the essential aspects of irrigation and drainage service provision are analysed 
including the cost and price of service. accountability to .customers, and main 
features of their asset management programs. 
INTRODUCTION 
Poor performance of irrigation and drainage systems worldwide has been widely 
documented in the past t\W decades. The most common manifestation of the 
problen has been the Jack of infrastructure and environmental sustainability often 
leading to low agricuJturaI. productivity. 
Development ofnew irrigation areas is likely to continue to decrease in future as 
the cost ofnew development and competition for funding with other water 
subsectors increases. Many irrigation systems worldwide however are reaching 
the end of the inftast:ructure life; often prematurely as a n:sult of poor 
in1iastructure management practices. It is envisioned that up to 70"/0 of the 
existing irrigation and drainage infrastructure will need renewal over the next 2-3 
decades (IPTRID, 1990 Piusqucllec,1988) 
I Associate Professcr amd Director or Inta'llatiaoal Tedmologics Cen1re, DepIr1ment or Civil _d 
Envirmmcntal Fnsinecrina. Uniwnity or Melbourne, Parkville, Vic 3052. Australia. F.malI: 
h JDlllano@devtech.unimelb.edIuu 
487 
488 Irrigation and Drainage in the New Millennium 
Past experience shows that irrigation and drainage performance and sustainability 
have been poor with irrigation projects fhlling well short in areas of 
environmental and infrastructure sustainability targets. While there many 
immediate causative factors responsible for low performance. a common 
wtderlying reason can be found in the lack of service orientation in the 
management of irrigation schemes. Responsibility for managing irrigation and 
drainage systems has been historically the domain of Government 
instrumentalities with more administrative emphasis than management 
emphasis in their operation. The end-resuh of this type of operation is typically: 
• A lack of responsiveness to the needs and desire of customers (users) 
• A lack of clear identification of the level of service between the service 
provider and customer, and as a resuh; 
• A firllure to clearly identify the cost associated with the provision of this level 
of service. 
THE CONCEPT OF IRRIGATION AND DRAINAGE SERVICE 
The supply of irrigation water and the disposal of excess drainage water involve 
the conveyance of irrigation water from the source to the cropland or the 
evacuation of excess drainage water from agricultural and urban areas. In both 
cases. water -an econOmic good- is involved; although while the value attached to 
irrigation water is often substantial. drainage water is considered to have 
negligible or even a negative value associated with damages. The conveyance 
function is typically a service activity. which must be provided by an irrigation 
and drainage organisation. 
Irrigation and drainage organisations must rely on substantial infrastructure for 
the provision of service which is often dispersed over large areas. This feature 
together with the fact that irrigation and drainage are support functions to 
agricultural production, itself generally an activity of low value economic output, 
entails low financial turnover for the provision of these services. 
Traditionally irrigation and drainage management organisations have evolved 
from construction oriented organisations that have overseen the development of 
most of the irrigation schemes in the world today. More often than not however, 
these organisations have not managed to reorient their operation to the new 
environment that is primarily one of managing the existing systems. Malano ct 
Hofwegen (1999) defined the management of irrigation and drainage systems as 
.... ... the process by which resources are allocated and used to proVide i"igation 
and drainage services in a sustainable and cost-effective manner . .. Implicit in this 
definition is the concept of infrastructure sustainability and provision of a defined 
service standard at the lowest possible cost; two typical aims of the management 
functiOn in any service organisation. 
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Implementing management with a service orientation in any irrigation and 
drainage system implies a number of characteristics normally absent in many 
existing organisations such as accountability to customers, due diligence 
compliance (safety of operation and work place and environmentaI), and above 
all, establishing a clear link between the desired standard of service and the cost 
of providing this service. 
In recent yean, much emphasis has been placed on tran<;fer of responsibility for 
the management of irrigation and drainage to fiumers. While the type of 
institutional arrangements vary from country to country, the main goal of this 
change is to relieve treasuries from the recum:nt financial burden arising for the 
operation and maintenance of irrigation and drainage &cilities. The principles 
outlined here however, are applicable to Government, corponWsed or privatised 
agencies. Corporatised or privatised organisations may provide as environment 
more conducive to implementing a service orientated operation as users are in a 
better position to demand more direct accountability from service providers. 
Nevertheless, government organisations can also incorporate these attributes in 
their management activities. 
TIlE ROLE OF ASSET MANAGEMENT 
The level offimding for O&M often bears no relation with the age, condition and 
nature of the works required to sustain the infrastructure. Additionally, no 
mechanism is implemented to ensure that appropriate provisions are made for 
future investment in infrastructure renewals or a change in the level of service that 
may require upgrade of the hydraulic infrastructure. Rather all these activities are 
often tailored to budgetary allocations that are not commensurate to the actual 
cost incUlted in the provision of a desired level of service. In other words, 
expenditure on infrastructure is determined by inputs, e.g. the availability of 
money and other resoun:es. As budget allocations are usually insufficient to meet 
the expenditure requirements for maintenance and renewals of the infrastructure, 
this approach often results in insufficient expenditure in maintenance and 
renewals of the infi'astructure and therefore lack ofsustainability. 
An alternative approach to managing inftastructure is to implement an ouIpUI 
based budgetary process which considers the actual cost of providing irrigation 
and drainage service. The key element of this approach is a clear definition of the 
level of service to be provided to customers from which the inftastructure 
requirements and costs can be clearly identified. 
Full cost assessment of the irrigation and drainage infrastructure involves life 
cycle costing of assets. Life cycle cost of irrigation and drainage assets can be 4-5 
times the cost of construction (Moorhouse, 1999). It is therefore imperative that 
life cycle costing considers all the infrastructure events occurring over the life of 
the infrastructure including maintenance, renewals, modernisation and 
retirement that are consistent with the provision of an agreed level of service 
(Lindley E. 1990). This process has been termed asset management. Hofwegen & 
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Malano (1997) defined asset management as " ... ..4 strategy for the creation or 
acquisition, maintenance, operation, rehabilitation, modernisation and disposal 
of irrigation and drainage assets to provide an agreed level of service in the most 
cost-effective and sustainable manner . .. 
The main aims of the asset management program are to ensure the provision of a 
specific standard of service in a sustainable manner and at the lowest possible 
cost. By determining the long-term actual cost ofnuming the hydraulic 
infrastructure, management can become aware of the level of revenues necessary 
to guarantee the long-term sustainability of the infrastructure and also of the 
eventual inadequacy of current funding. 
An asset management program comprises a strategic and integrated analysis of 
the life cycle of the infrastructure as part of the continuous management review of 
the organisation. The ultimate outcome of an asset management program is to 
bring into focus the actual cost of owning and operating the infrastructure assets 
to provide a defined level of service. As such, it provides a clear picture for the 
organisation and for users of the financial implications of providing this level of 
service. 
Fig I provides an illustration of the main elements that form part of an asset 
management program (Malano &. Hofwegen, 1999). This is a comprehensive 
process that embodies the entire life cycle of the assets and consists of analysing 
all the options both structural and non-structural that are avaiJable to provide and 
sustain an agreed level of service. The process differs slightly depending on 
whether the program is implemented on a new irrigation scheme or an existing 
one. In a newly commissioned irrigation or drainage system the process begins 
with a new set of assets in the same condition whereas in an existing system the 
condition of assets usually varies across the system. The creation or acquisition of 
new assets however may take place both in new and existing schemes. In existing 
schemes, it usually forms part of an asset augmentation plan. 
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COMBINING HARDWARE AND MANAGEMENT TO ACIDEVE A 
SPECIFIC LEVEL OF SERVICE 
Service oriented irrigation and drainage is based on developing and implementing 
a set of specifications that will govern the Opcra1ion of the system. These 
specifications serve two purposes: 
• provide a set of rules against which the operational perfonnance of the 
system can be measured; and, 
• provide a set ofrules to govern the conditions for service delivery. 
A typical set of service specifications includes operational parameters such as 
rate, duration andfrequency of supply, height of supply, supply monitoring, 
security of supply and quality of supply. Typical conditions of service delivery are 
payment for supply, points of supply to the farm, waler ordering requirements, 
etc. 
The quality br level of service provided can be measured by indicators such as: 
• AdeqUacy: This is a measure of the water supply ability to meet the 
water demand fur optimal plant growth. It is often expressed as the 
ratio of the amount supplied to that required by the crop. 
• Reliability: This is a measure of the confidence in the irrigation system 
to deliver water as specified by the level of service. It is defined as the 
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temporal unifonnity of the ratio of the amount of water supplied to the 
required or scheduled supply. 
• Equity: This is a measure of the access to a fuir share of the water 
resource according to the amount specified by the water right. In 
general, it can be defmed as the actual supply of water to users in 
relation to the allocated share. 
• Flexibility: This is the ability ofusers to choose the frequency, rate 
and duration with which irrigation water is supplied. 
The ability to deliver a specific level of service depends primarily on the water 
control hardware and the management inputs. A certain amount of substitution 
can occur between these two filctors (Hofwegen & Malano, 1997). One type of 
flow control system can provide different levels of service depending on the 
quantity and quality of management inputs - staff & skills - although some flow 
control systems impose severe restriction on the flexibility (level) of service. For 
instance, typical upstream control systems can be used to provide on-request 
water supply where users may be able to specifY the timing, discharge and 
duration of the delivery. However, the level of management inputs - staff & skills 
- needed are fur greater than if the same level of service is provided by a centrally 
controned supervisory system. Moreover, water resource use would be reduced, 
as the managing agency may have to run additional water in the canal system to 
meet eventual water orders from users to overcome the lack of ability of the 
system to respond to rapid changes in the demand. Nevertheless, the decision 
between alternative types of flow control must be made on the basis of 
appropriate economic analysis that includes the cost of service provision and the 
willingness of users to pay for it. 
ASSET MANAGEMENT STRATEGIES: CASE S11JDIES 
An asset management program is the key element in the formulation of the 
organisation's strategy for the implementation of service orientated management. 
It is the link element between the operational objective designed to satisfY an 
agreed level of service and its financial implications. Asset management programs 
are also dynamic in nature in line with the changing business environment and 
objectives of the organisation. 
The formulation and implementation of an asset management program must form 
part of a long-term strategy to satisfY specific objectives. As such, the 
development and implementation of an asset management program is always a 
long-term endeavour of the organisation. The level of fmancial and management 
commitment needed for the implementation of an asset management program is 
often quite substantial and varies between organisations. Two case studies are 
described below to illustrate the differences due to irrigation policies and 
objectives of irrigated agriculture in each case. The case studies selected are the 
La Khe Irrigation Scheme, Vietnam, and the Goulburn-Murray Water, Australia. 
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The two cases also highlight the differences in the level of maturity of these asset 
management strategies. 
~ s.nm 1.; ~ 1& ~ Irrigation Scheme. Vietnam 
The La Khe irrigation scheme is located some 25 Ian south of Hanoi and services 
a gross drainage area of 13,000 ba, whilst providing irrigation to 8650 ha. 5615 
ha is supplied by gravity from the main canal, which takes water from a spur 
channel off the Nhue river, via the main pumping station, with a total capacity of 
12 m%. The remaining 3000 ha obtain water directly from the Rivers Nhue and 
Day, which border the service area, and from drainage return water, originally 
supplied by the main canal 
Irrigation schemes in the Red River Delta (RRD) are characterised by a high 
reliance on pumping &cilities both for irrigation supply and drainage service 
during the monsoon season. Typical electricity usage in the RRD was calculated 
to be about 300 kW-brlha but have been found to vary from 210-260 kW-br/ha at 
LIaS over the resean:h period, which indicates that LIaS is among the more 
energy-efficient pumped irrigation systems. The LKIS and other schemes in the 
Red River Delta are characterised by: 
• Dilapidated infrastructure resulting from insufficient maintenance 
• Poor hydraulic control that prevents a flexible and equitable irrigation 
service 
• High reliance on pumping for water supply 
• Poor defined operational rules and specifications 
As part of a program aimed at improving the performance of irrigation schemes in 
the RRD, a methodology for changing the institutional and management 
arrangements of irrigation schemes was developed. As part of this effort, an asset 
management program was developed for the La Khe Irrigation Scheme. The main 
aims of the program are: 
• To develop a strategy for maintenance, rehabilitation and 
modernisation of the irrigation infrastructure 
• To develop a financial model to determine the actual system cost to 
ensure sustainability of the hydraulic infrastructure 
• To develop a software tool that can be integrated with the IMSOP 
model to assist in the day-to-day management of the irrigation 
infrastructure 
Management responsibility for the La Khe Irrigation Scheme and other districts in 
the RRD lies with the La Khe Irrigation Management Company. Irrigation 
management companies in Vietnam have traditionally been responsible for 
managing irrigation from the system intake - usually a pumping station - through 
493 
494 Irrigation and Drainage in the New Millennium 
to the farmer's fields. This type of arrangement is changing in accordance with 
Government policy aimed at reducing the company's responsibility to managing 
the main system while devolving the managing of the secondary and tertiary 
system to users 
~ Irrigation and Drainage Services: The asset management program is 
designed to identify all the costs associated with the systems infrastructure. 
In addition, there are other cost items incWTed in the administration and operation 
of the systems. Figme 2 shows the composition of the full cost of operation 
derived from detailed cost analysis for the period 1992-96 assuming asset anrruity 
calculated on a renewals basisz. The cost figures provided by the irrigation 
company were aggregated into the following categories: 
• Power cost for irrigation 
• Power cost for drainage 
• Maintenance 
• Bulk water fee: Fee paid to Nhue agency for bulk water supplied to 
LaKhe Company. 
• Personnel: This item includes full time .stan: casual wages and staff on-
costs 
• Overheads: This item includes administration expenses, collection of 
water tees, taxes and miscellaneous expenses. 
• Asset annuity cost 
1 Renewals asset annuity is based ClO the residual life of assets and indicates the cost of making 
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Figure 2. Composition of renewal based system operation cost for La Khe 
Irrigation scheme. 
The asset management program developed for the La Khe Irrigation Co is still in 
its early stages. Consequently, it was considered premature to include risk costs in 
the analysis because of the lack of appropriate data to carry out a risk 
management assessment associated with the system assets. The asset management 
program at La KIte comprises the main system infrastructure that is used by the 
company to provide both irrigation and drainage services to fiumers. A separate 
analysis is carried out for secondary and tertiary system assets which win become 
the responsibility offiumers organised in water users groups under a program of 
irrigation management transfer promoted by the Government. 
Power cost and asset annuity are the more significant cost elements. Power cost 
accowrts for between 25% to 4()D1o for the period analysed which includes 1994, a 
year of high power use for drainage due to high summer rainfall. It can also be 
observed that irrigation and drainage are almost of equal importance in this 
system because of the heavy reliance on pumping fur flood control 
An audit of the main system assets was conducted to determine the adequacy of 
the existing infrastructure to adequately supply the water demanded by the users. 
Hydraulic simulation of tile operation of the main canal revealed capacity 
constraints in the main caoaI imposed either by the condition of the caoaI 
embankment, the sihation of the canal bed or the capacity of the cross regulators. 
Implicit in this audit was the assumption that the desired level of service would 
involve the capacity to supply water to the entire area during the peak demand 
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period occurring during /and preparation for rice. Table 1 presents a summary of 
the rehabilitation works and costs. 
Table 1. Summary of main canal upgrade works and costs at La Khe. 
Item Quantity Cost 
Widening cross section 3,670m US$3.4/m 
Raising embankment 834m US$1.7/m 
Offtakes 59 US$280.00 each 
Total US$30,415 
Cost perhaJ US$3.45 
The La Khe Company refurbished the main canal during the 1998 Spring 
irrigation season. The additional depreciation charge incurred in relation to the 
current water price would be negligible given that the life of earthen Canals can be 
considered indefmite. Conversely, canal maintenance cost will be substantially 
higher if the canal is to be maintained to meet the new hydraulic specifications. 
Secondary and Tertiary System Costs: As indicated above, new institutional 
arrangements are intended to be implemented at La Khe whereby the Irrigation 
Management Company will become a wholesale water supplier to Water Users 
Groups organised in each secondary canal. These will in tum become responsible 
for the water distribution (retail) and maintenance of the secondary and tertiary 
infrastructure. The current asset management program does not include the 
secondary and tertiary system infrastructure. Nevertheless, a preliminary 
reconnaissance survey of secondary and tertiary system assets was conducted to 
develop guidelines to assist Water Users Groups with the management of the 
infrastructure, especially the assessment of water fee charges to be levied to 
individual fanners. 
Water level in secondary canals is maintained largely by discharge control. There 
is a diversity of offtake configurations along secondary canals as a result of 
repairs and replacements made over the life of the system which makes any 
attempt to control, distribute and measure water distribution equitably very 
difficuk. Future replacement of offiake structures along secondary canals must 
consider the possibility of standardising the design, possibly using precast 
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concrete structures which would enable proper measurement of discharge into the 
tertiary canals. 
The new institutional arrangements were tested on the three largest secondary 
canals at La Khe to evaluate the perfonnance of the new model This provided 
the opportunity to conduct a full asset audit for a secondary canal and identify the 
existing constraints to proper water management along the canal. On the basis of 
the survey, a preliminary design for the upgrade of the canal was carried out. The 
objectives pursued in the new design were: 
• to modify the current design in order to provide sufficient canal 
capacity and water level control that enables an equitable and simple 
distribution of water along the canal; and, 
• To achieve tim in the most cost-efrective way. 
Table 2 summarises the main structural components and costs for the upgrade of 
secondary canal NS. 
Table 2. Cost summary for refurbishment of NS secondary canal 
Structure Type 
Duckbill weir 
Gated cross regulator 
Tertiary offiakes 





24 mil VND (USS1,7l4) 
36 mil VND (USS2,285) 
32 mil VND (USS2,285) 
20 mil VND (USS1,428) 
Total 112 mil VND (USSS,OOO) 
The NS secondary canal provides service to 773 ba of irrigated land. The 
estimated cost of upgrade of 12.00 $/ba represents an additional charge to the 
users of 1.60 $Iha annually assuming an economic life of 30 years and interest 
rate of 13%. This is clearly a small cost for the operational and productivity 
benefits to be derived from the upgrade. 
~ ru1rrigation ServiceS: Historically, the price of irrigation and drainage 
service in Vietnam bears little relation with the actual cost of service provision. 
This can be ascribed to various &ctors including the prevalence of an input 
budgetary process instituted by Government and inappropriate identification of 
actual costs which in turns lead to inappropriate budget allocations even under 
subsidisation schemes 
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Figure 3 shows the comparison system operation costs with actual revenues 
assuming no rate of return on the infrastructure investment. The average' revenue 
for the period analysed was US$49.00/ha while the average cost of operation was 
US$50.001ha. These figures were calculated including the annuity component 
based on full economic life of assets. Presently, there are no formal provisions 
made for actual depreciation payments. The average cost over the period of 
study ifprovisions for depreciation must be made over the residual life of the 
present infrastructure is US$60.00 which leave a significantly greater gap 
between revenue and actual overall cost. 
Revenues and System Costs (0% Rate of Return) 
70.00 .----------------, 
OO.OO ~-----~[~----~~ 









1992 1993 1994 
Year 
1995 1996 
• Total cost(econ) per ha 
[] Total Cost (Renew 80 per ha 
• Total Revenue per ha 
Figure 3. Comparison of system costs and revenues assuming no return on assets 
Case Study ~ Goulburn-Murray Rural Water Authority. Australia 
The Goulburn-Murray water authority is one of the authorities created under the 
water reform program and within the provisions of the Victorian Water Act of 
1989. The authority is responsible for providing irrigation and drainage service to 
over 500,000 ha in north-east and central Victoria. It is also responsible to the 
operation of head works to deliver bulk water supply. 
Agriculture in the region is based on dairy production (52%), horticuhure (23%) 
and cropping and grazing (25%). The breakdown of water use by the same 
industries is 55%,3% and 42% respectively of the 2,500 GL of water distributed 
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by the authority. The authority serves a customer base of 24,000 properties 
gravity and pumped irrigation, sub-surface and surface drainage, surface and 
ground water diversion and stock water supply. 
To provide this range or services, the authority relies on a large network of mature 
assets spread over a wide area including 6,756 Ian of irrigation channels, 394 Ian 
of domestic and stock channels, 249 Ian of pipeline, 2,93 I Ian of drains, 25,244 
structures and 24,492 water meters. 
Most of the authority's asset base was developed early this century and have 
undergoO!' periods of under investment in maintenance and replacement, 
particularly in the 1970's and 1980's. 
The hydraulic infrastructure consists of a typical upstream manually controlled 
system that relies on a combination of undershot and overshot regulators. Water 
distribution to farmers is carried out via Detbridge meter wheels that enable 
volumetric metering of deliveries. As part of the modernisation effort undertaken 
by the Authority, cross regulation structures in the main distnoution system are 
progressively being brought under SCADA control tcclmology. 
I&.m Qf~ Irrigation and drainage service specifications have been 
developed by ~ Authority and form part of the Customers Service Agreements. 
The irrigation standard services include 4-days notice for ail orders with day 1 
being the day after the order is placed. The agreements also include clauses 
related to percent of delivery targets, flow variation during delivery, and 
conditions for changes in start and finish times. 
The tariff structure consists of two parts: A fixed component which is attached to 
the actual water a1Iocation, and a variable component which is charge 
volumetrically according to the amount used. 
Drainage services are provided according to variable ratings depending on the 
ability of the Authority to provide drainage to each property. Thus drainage rating 
factors depend on factors such as whether the property drains directly into the 
Authority's drains, the distance to the Authority's drains or whether the property 
is drained by community, private or other drains. 
Asset Manaiement Program: The development of the agency's asset 
management program was started in 1992193 by the authority's predecessor 
organisation -The Rural Water Corporation - The program was initiated in 
response to the need for operating and maintaining the asset base in a financiaUy 
sustainable manner and properly identifying the future cost of service provision 
and asset renewal. The state4 objective of authority's asset management program 
(Moorehouse ~ 1999) is " . .. 10 ensure that agreed service and integrity standar~ 
of the distribution assets can be met over the long term whiisl minimising life 
cycle costs . .. 
The authority's asset management program is based on a comprehensive strategy 
which includes several key elements, including: 
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• Agreed levels of service 
• Asset information 
• Total life cycle approach 
• Renewals pricing 
• Cost effectiveness 
• Risk management 
• Statutory and due diligence compliance 
Levels of service needed to be defined and agreed in order to identify the 
infrastructure interventions and costs of service provision. To address this, the 
authority relies on seventeen Water Services Committees that represent the rural 
customer'S. These are distributed in six irrigation areas, ten river basins and other 
waterworks districts. Relations between Water Services Committees and the 
authority are guided by Customer Service Agreements for each type of service. 
levels of service, pricing policy and billing arrangements. The overall 
performance is evaluated according to key perfonnance indicators written into the 
agreements. 
The cornerstone of the asset management program is the asset register. Vital 
physical and financial analysis relies on accurate information on the authority's 
asset base. The computerised asset register contains location. condition and other 
fmancial data that easily stored and retrieve by the organisation and is fully 
integrated With authority's information management system. 
fris;ing mlrrigation Sc(rvices: As indicated above, the level of expenditure on 
asset maintenance and replacement prior to the implementation of the asset 
management program was not consistent with the long-term sustainable provision 
of services by the authority. The asset management program bas enabled the 
authority to link transparently the provision of the adopted level of service with 
the price of service. The authority bas adopted a renewals pricing policy which 
assumes that the infrasttucture system is intended to be maintained indefinitely at 
a particular service level by continuing maintenance, replacement and 
refurbishment. The renewals annuity is set aside to enable the authority to meet 
the future capital expenditure required to sustain the level of service. The 
renewals annuity strategy consists of: 
• Appropriate furward planning period, e.g. 20-year rolling planning; 
• Cash flow forecasts based on technical assessments and financial 
estimates, 
• Calculation of net present values and annuities 
• Refurbishment and replacement financed from annuity reserve 
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At preseut, water pricing policy is continually revised according to renewal 
rolling plans. Currently, the cost ofreoewal annuity can constitute up to 30% of 
the total price of service. Water prices in the six areas supplied by the authority 
range between ASI7.SOIML and A$22.00/ML (USS11.SO-USSI4.30). Reflecting 
the cost of asset renewals in the price ofwater has focussed the organisation and 
customers on achieving productivity improvements to restrict price increases and 
still meet the Government's requirement to achieve financial self sufficiency by 
2000101. 
CONCLUSION 
It is argued in this papers that managing irrigation and drainage facilities with a 
service orientation entails the ability to link the provision of a well defmed level 
of service with the cost and price of service provision. Two case studies are 
contrasted to i11ustrate different degrees of evolution towards the implementation 
of service orientation: The La Khe Irrigation Scheme in Vietnam, and the 
Ooulbum-Murray Water Rural Water Authority in Australia. 
The La Khe Irrigation Company is one of the typical organisations managing 
irrigation and drainage systems in the Red River Deha of Vietnam which has 
begun to undergo management changes in parallel to the Government economic 
reform policies introduced in 1988. An asset management program was developed 
for this scheme to ascertain the long-term cost of service provision and its relation 
to the current water pricing policy. It revealed that there exists a substantial gap 
between cost and price of service (USSll.OOIbaIannum). This shortfilll has 
resulted in under-spending in maintenance and renewal of assets and the 
progressive deterioration of the system's infrastructure base 
The Goulbum-Murray Water Authority is a public corporation with responsibility 
for managing irrigation and drainage services provided to over 500,000 ha in 
Northern Victoria. Despite technological constraints, the Authority has 
traditionally been able to provide a high (flexible) level of service to filrmers. The 
authority relies on an upstream manually controlled flow system which is 
progressively being upgraded to improve the efficiency and effectiveness of 
service provision. This effort is part of aD asset management program that began 
as early as 1992 in response to a Government policy to reduce subsidies. The 
program is designed to ensure that the full cost of service provision including full 
renewals annuity is reflected in the price of service. This accounts for 30010 of tile 
current AS20.00IML average water charge. 
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AN ECONOMIC APPROACH TO IMPROVING WATER 
MANAGEMENT IN WATERLOGGED AND SALINE AREAS 
Dennis Wichelns1 
ABSTRAcr 
Waterlogging and salinization arise in arid areas largely because two essential 
resources, irrigation water and the assimilative capacity of unconfmed 
aquifers. are not priced or allocated correctly to reflect scarcity values and 
opportunity costs. Farm-level decisions regarding irrigation methods and 
water volumes will not be socially optimal when such values are not 
communicated to farmers in the prices they pay for irrigation and drainage 
resources, or in allocations that define their water supply or drainage 
capacity. Modifying farm-level prices and allocations may be helpful in 
reducing the rate of increase in waterlogged and saline areas in many regions. 
This paper describes why farm-level irrigation and drainage strategies often 
differ from those that would be considered socially optimal. In the absence 
of appropriate economic incentives, farmers are not ~couraged to consider 
the off-farm and long-term impacts of their decisions regarding irrigation and 
drainage inputs. Policies that can be implemented to provide such 
encouragement include volumetric water pricing, water markets, tradable 
water allotments, adjustments in area-based cost recovery programs, and 
incentives for farmers to use irrigation methods that reduce deep percolation. 
WATERLOGGING AND SALINIZATION 
Waterlogging and salinization have reduced the productivity of agricultural 
land in arid regions since the rise and fall of Mesopotamia, even though the 
irrigation-induced causes of these conditions have been known for nearly as 
long (Jacobsen and Adams, 1958; Kovda, 1983; Szabolcs, 1987; Ghassemi et 
al., 1995). Known also as the "twin menace" of irrigated agriculture, 
waterlogging and salinization affect most of the world's large-scale irrigation 
systems and they continue to impose farm-level and public costs in the form 
of lost production and efforts to reduce the rate of increase in affected areas. 
1 Associate Professor, Univ. of Rhode Island, Kingston, Rhode Island. 
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Waterlogged and saline soils are found naturally in many areas, but 
inappropriate irrigation also causes waterlogging and secondary salinization, 
resulting in economic losses when crop yields are reduced by high water tables 
and soil salinity (Barrow, 1987, 1991; Szabolcs, 1987; Rhoades, 1990; 
Smedema, 1990; Dregne, 1991; Abdel-Dayem, 1997). The primary irrigation-
induced causes include leakage from poorly lined irrigation canals and 
reservoirs, excessive water application, and inadequate drainage of agricultural 
land (Barrow, 1991; Scott, 1993). Seepage from irrigation facilities and deep 
percolation from farm fields enter unconfined aquifers that have become saline 
after many decades of irrigation. When a water table rises within 2 m of the 
soil surface, the root zone available to plants becomes restricted, salts rise to the 
surface by capillary action, and the resulting salinization can render land 
unsuitable for agriculture (Stone, 1984, p. 141; Amon, 1987 p. 147; Abernethy 
and Kijne, 1993; Abrol and Sehgal, 1994; Hillel, 1994). 
Some deep percolation is required in arid regions to remove salts from the root 
zone and sustain productivity, over time (Oster, 1984; Hoffman, 1990; Rhoades 
and Loveday, 1990). However, actual leaching fractions often exceed leaching 
requirements, because the non-water costs of irrigation rise with farm-level 
efforts to increase irrigation efficiency (Letey et al., 1990; Dinar and 
Zilberman, 1991). In addition, many water allocation and pricing policies do 
not motivate farmers to use water efficiently (Abrol et al., 1988; Prasad and 
Rao, 1991; Sampath, 1992; Meinzen-Dick and Mendoza, 1996; Rosegrant and 
Meinzen-Dick, 1996). Excessive deep percolation occurs in rolational water 
delivery systems in which farmers irrigate according to calendar-based schedules 
that do not match crop water requirements (Dhawan, 1989; Qureshi et al., 
1994). In many systems, water prices are too low to encourage farm-level 
improvements in water management or to justify investments in irrigation 
methods that minimize deep percolation (Mageed, 1994; Hillel, 1994, p. 217). 
AN ECONOMIC PERSPECflVE 
From an economic perspective, irrigation-induced waterlogging and salinization 
in arid areas arise largely because irrigation water and the assimilative capacity 
of unconfined aquifers are not priced or allocated correctly to reflect scarcity 
values and opportunity costs. Volumetric water prices are lower than optimal or 
non-existent in many irrigated regions, and allocation procedures are often 
based on rolational schedules that do not provide the flexibility or cerlainty 
required for farmers to optimize water use. In most irrigation systems, farmers 
may -discharge- deep percolation to unconfined aquifers at no charge and with 
no restrictions, even though assimilative capacity is often limited. As a result, 
the scarcity values of irrigation water and unconfined aquifer capacity are not 
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communicated to farmers in resource prices or allocations, providing them with 
little incentive to consider the opportunity costs or the off-farm effects of 
irrigation and leaching activities. 
Some Useful Economic Concepts 
QpJxntunjty cost is the incremental value of a resource or input in its next best 
alternative use. For example, when a farmer's water supply is limited, the 
opportunity cost of water used to irrigate a tomato field is the value that could 
be generated if that water were used instead to irrigate a cotton field. 
Scarcity value is the implicit value of a limited resource that mayor may not be 
priced in a market setting. For example, the scarcity value of water on a farm 
with a limited water supply is the value that could be generated with an 
additional acre-foot of irrigation water. 
A socially optimal allocation of resources maximizes the net benefits generated 
in production, minus any costs that are not generally considered by fums or 
consumers, such as the environmental or off-farm effects of irrigation and 
drainage activities. The socially optimal combination of inputs and outputs will 
differ from the farm-level profit-maximizing combination when farm activities 
generate external costs. The social optimum will vary, over time, with changes 
in society's preferences regarding resource allocation. 
External costs and benefits are the off-farm effects of agriCUltural activities. 
These generally are not considered by farmers when choosing profit-maximizing 
input and output combinations. Economic incentives such as effluent fees and 
cost-sharing programs for improving irrigation technology are designed to 
encourage farmers to consider external costs and benefits. 
A djscount rate can be used to describe the preference of an individual or 
society for receiving net returns or net benefits in the near term, rather than 
receiving those returns or benefits in future years. Higber discount rates 
describe stronger time preference. For example, an individual with a discount 
rate of 6~ would prefer to receive net returns more quickly than an individual 
with a discount rate of 4", if all other characteristics of the individuals are the 
same. The discount rates of individual fums and consumers will be higher than 
social discount rates if society places greater emphasis on net benefits available 
to future generations. 
506 Irrigation and Drainage in the New Millennium 
Off-farm effects are considered external costs in economic models of faim 
production because they are not paid by farmers when selecting crops or 
choosing irrigation inputs (Young and Horner, 1986; Chisholm, 1987; UpstiU 
and Yapp, 1987; Ellis, 1992, p. 264; Izac, 1994; Strojan, 1995). Economic 
incentives and other policies that encourage farmers to internalize exteri1al. costs 
can be identified by examining the farm-level and public goals regarding 
irrigation, and noting the differences in optimizing criteria, that describe how 
farm-level and societal net benefits are maximized. Appropriate policies will 
provide farm-level incentives that are consistent with the criteria for maximizing 
societal net benefits. 
Fann-l.eyel Goals and Criteria 
The farm-level irrigation objective can be described as maximizing the present 
value of net revenue, over time, while maintaining the quality of productive 
resources. The standard optimizing criterion for farmers in a humid region 
where soil salinity is not a problem is to equate the incremental value of water 
in crop production with its incremental cost, or price (Upton, 1996, Ch. 9). 
Incremental values are determined by crop-water production functions and crop 
prices, while water cost may be an explicit price for surface water delivery or 
the unit cost of pumping groundwater (Howell, 1990; Dinar et al., 1991). As 
water price or cost increases, farmers will reduce the volume of water applied, 
often by increasing the use of labor or technology to maintain crop yields, while 
irrigating more efficiently. 
In arid regions, farmers must also consider the long-term impacts of irrigation 
and leaching on soil salinity. The net change in salinity is usually positive 
following irrigation events because plants use the water, while leaving salts in 
the soil. Leaching events displace salts from the proflle by flushing soils with 
relatively good quality water. The farm-level optimizing criterion for saline 
areas includes the long-term impact of adding salts and the long-term benefit of 
moving salts through the soil profile when applied water exceeds crop water 
requirements. 
Farmers in arid regions will achieve their profit maximizing goal if they equate 
the incremental value generated with irrigation or leaching water, plus the value 
gained by removing salts from the soil, with the price paid for water and the 
long-term, incremental damage caused by adding salts. Farmers will consider 
similar issues when seleCting irrigation methods and water management 
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practices. Surface irrigation methods (furrows, borders, and basin) are less 
expensive than sprinklers or drip systems, but they can also be less efficient and 
can generate more deep percolation during irrigation and leaching events. 
Farmers using more efficient methods can achieve irrigation goals with a 
smaller volume of water and they can achieve greater distribution uniformity 
that may enhance crop yields (Barrow, 1987, Ch. 7; Letey et al., 1990; Agnew 
and Anderson, 1992, Ch. 6). 
Public Goals and Criteria 
The public's goal regarding a publicly funded irrigation project may be 
described as maximizing the present value of societal net benefits generated, 
over time. Societal benefits include the value of farm products and other 
agricultural and non-agricultural benefits provided by an irrigation project, 
while costs include farm-level production costs, operation and maintenance of 
irrigation facilities and any off-farm impacts of irrigation and leaching. Societal 
costs also include the opportunity costs of water resources in regions where 
demand for water exceeds supply. 
The net social benefit of an irrigation project is maximized when the 
incremental social benefit is equal to the incremental social cost. In particular, 
the sum of incremental agricultural and non-agricultural benefits must be equal 
to the incremental cost of water delivery, plus the long-term cost of adding salt 
during irrigation and leaching, the opportunity cost of water, and the long-term 
cost of rising water tables. 
Farm-level decisions regarding water use will not be socially optimal unless 
water prices reflect incremental delivery costs, opportunity costs and the off-
farm impacts of irrigation and leaching activities. In addition, farm-level 
discount rates used to calculate the present value of the long-term costs and 
benefits of irrigation and drainage activities must be the same as social discount 
rates. In practice, farm-level rates will likely exceed those used by the public to 
evaluate returns from irrigation projects, as individuals often place greater 
relative values on near-term net revenues than public agencies, which may 
assign greater relative value to the welfare of future generations (Sen, 1984, 
p. 175). When this occurs, farm-level choices regarding irrigation water and 
other inputs may result in a faster rate of waterlogging and salinization than is 
socially optimal (Quiggin, 1987; Greiner, 1997). This effect, in combination 
with inappropriate water prices and allocation methods, may explain why many 
large-scale irrigation projects encounter problems of waterlogging and 
salinization sooner than expected by project planners (Abul-Ata, 1917; Kapoor 
and Kavdia, 1994; Ramanathan and Rathore, 1994). 
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POLICY IMPLICATIONS 
Differences in the criteria for maximizing the present value of farm-level or 
societal net benefits explain why farm-level choices of irrigation and leaching 
inputs are not socially optimal. Farmers have no economic incentive to 
consider the external effects of deep percolation on a regional water table and 
farm-level discount rates may exceed the social rate. In addition, farm-level 
water use will exceed the social optimum when the price of water is less than 
the incremental cost of delivery or when farmers are not presented with 
opportunity costs. Farm-level choices of water management inputs will also 
differ from societal optima when prices do not reflect off-farm effects. Policies 
that modify the farm-level price or availability of water and other inputs may be 
useful in closing the gap between farm-level and socially optimal input choices. 
We examine the potential role of water pricing and allocation policies, water 
markets, land assessments, and subsidies to encourage improvements in water 
management practices. 
Water prices 
Economic theory suggests that if the farm-level price of water includes the 
incremental delivery cost, the opportunity cost, and the long-term impact of 
rising water tables, farmers will choose the socially optimal levels of water use. 
In theory, the optimal water price should vary among farms according to 
differences in delivery costs and the impacts of irrigation and leaching on 
regional water tables. However, in most irrigated areas farm-specific water 
table effects cannot be estimated accurately, and farm-specific water prices are 
either very costly to implement or politically infeasible. A uniform water price, 
or a price that varies by region, is more likely to be implemented. In those 
situations, an estimate of average water table effects can be obtained using 
hydrologic data that describe irrigation water deliveries and rising water tables, 
over time, or technical coefficients that describe the proportion of applied water 
that becomes deep percolation when using various irrigation methods. The 
estimated average value could be used in place of farm-specific values when 
determining a uniform water price. 
The opportunity cost of water can be estimated by considering the increase in 
regional net revenue that could be generated with additional water supply. In 
regions with an active water market, this may be estimated using water market 
prices, as these would reflect a major component of the opportunity cost of 
water. The incremental cost of water delivery includes operation and 
maintenance costs for the water delivery system. The portion of those costs that 
should be included in water prices may vary with public goals and the 
distribution of benefits from irrigation projects (Sampath, 1992). 
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Implementing a uniform water price in place of fann-specific prices will negate 
some of the efficiency gains implied by optimal water prices, but this should not 
dissuade public officials from considering a uniform pricing policy. In many 
irrigated regions, any effort to implement or enhance volumetric water prices 
will likely motivate fann-Ievel improvements in water management that will 
improve the productivity of scarce water resources and reduce deep percolation. 
The societal value of this result may be substantial, even if water prices are not 
precisely the optimal prices prescribed by theory. 
Volumetric water prices may also provide an economic incentive for public 
water agencies to improve delivery service and to reduce seepage along main 
and secondary canals, particularly if agency budgets are made dependent upon 
the collection of revenue from water sales (Moore, 1989; Small and Carruthers, 
1991, pp. 52-53; Ellis. 1992, p. 271). Water agency personnel in regions 
where water is delivered at no charge to fanners and water rights are not 
assigned have little incentive to spend limited funds on canal improvement 
projects (Repetto, 1986). Placing a value on water at the agency level may 
reduce waterlogging and salinization caused by seepage from main and 
secondary canals. 
Water marJcets and water rights 
Formal and informal water markets are effective in communicating scarcity 
values among potential buyers and sellers, by providing fanners with an 
opportunity to lease or sell a portion of their water supply for a specific time 
interval or in perpetuity (Dudley, 1992; Rosegrant and Binswanger, 1994; 
Rosegrant and Meinzen-Dick, 1996; Dinar et al., 1997). Markets also 
encourage fanners to consider opportunity costs 'explicitly when they choose 
cropping patterns and irrigation methods (Dinar and Letey, 1991; Weinberg et 
al., 1993). Fanners with attractive market opportunities may choose to improve 
water management practices to make water available for sale or lease. Fann-
level efforts to ·convert· surface runoff or deep percolation into marketable 
water volume will reduce pressure on regional water tables. In areas where 
surface runoff or deep percolation is used by downstream fanners, it may be 
necessary to compensate those fanners for reductions in their water supply. 
Water markets eliminate the need for public agencies to determine the 
opportunity cost or scarcity value of water, as market participants will express 
their desire to purchase or sell water at prices that reflect prevailing perceptions 
of scarcity. However, markets do require that property rights to water, or water 
use rights, are defined and enforced (Hearne and Easter 1995; Anderson and 
Snyder, 1997, pp. 22-25; Perry et al. 1997). In many regions, this will require 
improvements in water measurement and control capability, but those 
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improvements would also support volumetric water pricing and may enable 
water agencies to provide farmers with greater flexibility in scheduling water 
deliveries. 
Describing international experience with water markets, Briscoe (1997) 
concludes that -from a conceptual, practical and political perspective, the 
appropriate approach for ensuring that the scarcity value of water is transmitted 
to users is to clarify property rights and to facilitate the leasing and trading of 
these rights. - Svendsen and Meinzen-Dick (1997) include a -net shift of 
authority for allocating water use rights from public agencies to the use right 
holders themselves through private transactions and arrangements- in their list 
of themes regarding future water management policies and institutions. 
Rosegrant (1997) suggests that the most important water policy reforms will 
involve changing the institutional and legal environment in which water is 
supplied to one that enables individuals to make their own decisions regarding 
water use, while at the same time presenting them with the true scarcity value of 
water. 
Many examples of water markets have been described in the literature, 
including those in California (Cummings and Nercessiantz, 1994; Howitt 1994), 
Chile (Gazmuri 1994; Gazmuri and Rosegrant, 1996), India (Ianakarajan, 1993; 
Shah, 1993; Saleth, 1996; Shah and Ballabh, 1997), and Pakistan (Chaudhry, 
1990; Meinzen-Dick, 1994). In many cases, markets have improved the 
productivity of water resources while providing farmers with income-enhancing 
opportunities. 
Water allotments 
Some of the world's largest irrigation systems are operated by central 
government agencies that control the release and delivery of water along main 
and secondary canals, and determine how much water will be delivered to 
farmers or water user associations (Upton, 1996, pp. 200-201). There may be 
little or no formal experience with water markets or water rights in those 
systems, and the political desire to implement such programs may be limited. A 
potentially useful alternative is a program of water allotments that defme how 
much water or delivery capacity is available to individual farmers or water user 
associations, each year, as a function of water supply or an environmental goal, 
such as reducing deep percolation. Allotments would provide farmers with 
clear information regarding water availability, without assigning ownership, as 
is usually implied in a system of formal water rights. The economic efficiency 
of an allotment program can be enhanced by allowing farmers to trade their 
allotments, either individually or as members of water user associations. 
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A program of water allotments can be designed to achieve specific program 
goals, while minimizing distortion of farm-level crop choices. For example, if 
the goal is to reduce deep percolation in a region where the aggregate water 
supply is not limiting, crop-specific allotments defmed according to crop water 
and leaching requirements would provide farmers with sufficient water to 
irrigate crops they choose, provided they apply only the required water. 
Alternatively, if the aggregate water supply is limiting, and waterlogging 
problems are due to uneven distribution of water among farmers, a program of 
uniform water allotments defined according to the available supply may be more 
effective in reducing deep percolation, while improving aggregate production. 
Such a program would encourage farmers to consider the scarcity value and 
opportunity costs of water when choosing crops and irrigation methods. 
Examples of crop-specific and uniform water allotments are compared in 
Table 1. A farmer with 3 ha of land planted in equal portions of alfalfa, cotton, 
and sugarbeets would be allotted 31,350 m3 of irrigation water in a crop-
specific program, while a farmer with the same land area would be allotted 
27,000 m3 in a uniform program. The second farmer may be able to produce 
the same crops by improving water management practices and, possibly, by 
allowing a shallow aquifer to provide a portion of crop water requirements. 
This would further enhance efforts to reduce the rate of increase in waterlogged 
areas. In this example, the uniform program may cause farmers to discontinue 
growing sugarcane, but that result may enhance societal net benefits in a region 
with a limited water supply or delivery capacity, uneven distribution of water 
among farmers, or problems with waterlogging and salinization. 
Some of the farmers receiving 9,000 m3 per ha in the uniform program may 
choose to sell or lease a portion of their allotment to other farmers for 
appropriate compensation. Farmers selling allotments may choose to grow 
crops with smaller water requirements and improve water management 
practices, while earning revenue from the sale or lease of allotments. Voluntary 
market transactions would determine the appropriate prices of allotments, and 
those prices would likely change, over time, with changes in crop prices and the 
cost of water, labor, and other inputs. 
Land Assessments 
Public water agencies in India, Pakistan, and other countries with major 
irrigation projects charge farmers for water delivery services using area-based 
assessments intended to recover the costs of operation and maintenance 
(Puttaswamaiah, 1994, p. 187; Kemal et al., 1995; Tsur and Dinar, 1997). The 
charges are usually higher for crops with higher crop water requirements and in 
regions with higher costs of service. These programs are less costly to 
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implement than volumetric water pricing (Small and Carruthen, 1991, p. 141), 
but do not provide an economic incentive to use water efficiently because the 
farm-level cost of additional water within a season is zero. 
An economic incentive to reduce deep percolation can be incorporated in area-
based assessment programs by enhancing the crop-specific price structure to 
reflect the deep percolation objective. In particular, an area-based 
Table 1. Examples of crop-specific and uniform water allotments to 
encourage reductions in deep percolation 
Estimated Estimated Crop-Specific Uniform 
Crop Water Leaching Water Water 
Crop Requirement Requirement Allotment Allotment 
(m3 per hectare) 
Alfalfa 12,000 1,200 13,200 9,000 
Cotton 10,000 1,000 11,000 9,000 
Sugarbeets 6,500 650 7,150 9,000 
Sugarcane 20,000 2,000 22,000 9,000 
Wheat 5,500 550 6,050 9,000 
Notes: Crop water requirements are the midpoints of ranges 
in crop water requirements reported by Doorenbos and Kassam 
(1979, pp. 6-7). 
Leaching requirements are estimated as 10% of crop water 
requirements, as recommended for irrigation water with an 
electrical conductivity (EC) of 0.75 mmhos/cm and drain water 
with an EC of 8.0 mmhos/cm (Doorenbos and Pruitt, 1975, 
p. 127). 
Uniform water allotments describe an example in which the total 
water supply or delivery capacity in a canal command area is 
limited to an average delivery of 9,000 m3 per hectare. 
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surcharge can be imposed on fields that receive larger water deliveries than 
crop-specific targets determined by the water agency, in consultation with 
fanners and water user associations. The targets could be established at levels 
that enable fanners to satisfy crop water and leaching requirements without 
generating excessive deep percolation, such as the crop-specific water allotment 
volumes shown in Table 1. Farmers exceeding those volumes could be required 
to pay an area-based surcharge determined by estimating the external cost of 
deep percolation, which is the present value of future reductions in regional net 
revenues due to rising water tables. The estimated opportunity cost of water 
also could be included in the surcharge to provide an additional incentive for 
farmers to achieve the targets. 
Water Mana&ement Inputs 
Improvements in water management practices can generate farm-level benefits 
by reducing the volume of water applied to soils and, thus, reducing the rate of 
salt accumulation. This provides an economic incentive to implement such 
practices, which include using sprinkler and drip systems, laser leveling, and 
hiring additional labor to improve the management of surface irrigations. 
Delivering water with greater precision enables farmers to reduce deep 
percolation, while maintaining or improving crop yields. However, farm-level 
expenditures for irrigation increase with the use of higher technology systems 
and a long-term cost may arise if the reduction in deep percolation reduces the 
rate at which salts are removed from soils. Farmers selecting irrigation methods 
will evaluate near-term and long-term effects, but will not consider the off-farm 
benefit of increasing regional water table depth. 
The societal benefits of improvements in irrigation methods may be sufficient to 
justify public policies that motivate farm-level adoption, such as subsidizing the 
hiring of additional labor or the purchase of selected irrigation systems. 
Providing small fanners with access to credit and offering low-interest loans 
may encourage them to purchase new irrigation systems or install private 
tubewe1ls to pump water from shallow aquifers. In regions with area-based 
water service charges, lower rates might be offered to farmers using irrigation 
methods that generate less deep percolation. 
Transaction Costs 
Some of the economic gains achieved by implementing volumetric water prices 
or establishing water markets will be offset by transaction costs that include 
efforts to measure water deliveries, collect revenue from water sales, record 
market transactions, and protect water rights. Transaction costs of market 
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activity include the costs of identifying viable purchase and sale opportunities, 
negotiating terms of agreements, and mitigating or compensating for any third-
party impacts (Rosegrant and Binswanger, 1994). The transaction costs of 
implementing water rights and pricing programs may be particularly high in 
developing countries where large irrigation systems deliver water to many small 
farms (Rosegrant and Binswanger, 1994). Public agencies can reduce private 
transaction costs by collecting and sharing water market information, and 
providing an efficient and secure procedure for transferring water rights. 
The administrative costs of water pricing, allocation, and marketing programs 
can be substantial, particularly in countries where improvements in delivery 
channels, measuring devices, and operational procedures are required t 0 enable 
better control and measurement of water deliveries. Institutional enhancements 
may also be required to support volumetric water pricing and trading of water 
rights or allotments. However, administrative costs can be reduced by choosing 
the appropriate level at which to implement innovative programs and by 
adopting technologies that support program goals. For example, Small (1989) 
and Meinzen-Dick and Rosegrant (1997) describe volumetric -water 
wholesaling" in which a public agency sells water to a water user association at 
some point in the delivery system where volumetric measurement is feasible. 
The association is then responsible for recovering water costs frOm individual 
members. Measurement capability might be extended to lower levels of the 
delivery system by designing and installing new metering devices that provide 
volumetric measurement at a reasonable cost (Martinez et al., 1994). 
CONCLUSIONS 
Economic incentives and other policies that motivate farmers to improve water 
management may enhance resource use and sustainability in arid regions, and 
reduce the rate of increase in waterlogged and saline areas. Several 
engineering, administrative, and political issues will require attention in some 
countries to enable implementation of such policies, and transaction costs may 
not be trivial. Public investments may be required to improve irrigation 
systems to support better control and measurement of water deliveries before 
volumetric pricing, water allotments, or water marketing can be implemented 
successfully. The administrative costs of water delivery will likely increase 
when incentive programs are implemented and political support may be needed 
to gain approval for any changes in farm-level expectations regarding water 
supply when rights or allotments are defined and traded. 
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Public officials often describe the potential engineering and political costs of 
system improvements as binding constraints on policy enhancements, 
particularly in developing countries and in regions where water scarcity is not 
yet receiving national attention. However, in many arid countries, competition 
for land and water resources, and the value of output from irrigated agriculture, 
will continue to increase with rising populations and income levels. Therefore, 
it may be useful to begin improving water delivery systems and enhancing the 
policy environment in the near-term, while pressure on resources is not yet 
severe. This may enable public officials to implement economic incentives 
successfully in future, when water scarcity and the losses from waterlogging and 
salinization become ever more costly. 
Economic incentives may also provide a valuable complement to engineering 
efforts that address waterlogging and salinization. For example, the cost of 
regional subsurface drainage systems, public tubewell programs, or tree planting 
efforts could be funded partially with revenues collected from water sales or 
land assessments designed to reduce deep percolation. This would reduce public 
expenditures for drainage relief programs, while providing farm-level incentives 
that may reduce the size and extent of facilities needed to collect and manage 
subsurface drain water. An appropriate combination of economic incentives and 
engineering efforts may enable farmers and the public to sustain the benefits 
derived from agricultural production in arid regions, despite the perpetual threat 
from waterlogging and salinization. 
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IRRIGATION PERFORMANCE AND MANAGEMENT 
IN TAIWAN 
Ming-hua Tsai J Wen-jung Hu1 
ABSTRACT 
Paddy is the important crop to be grown in Taiwan. There are two paddy may be 
grown in a year, wherever irrigation water is available. It maintains the self-
sufficiency in food-crop products so as to ensure the security of food supplies and 
raises farmers income in Taiwan for a long time. This paper is to introduce the 
aspects dealing with irrigation performance and management prevailed in Taiwan. 
Due to the recent socio-economic changes, the water demand has been increasing 
with the expansion of industrialization and urbanization. TIle acquistion of new 
water supplies for agricultural irrigation has become more difficult and costly. 
Besides, the existing irrigation water sources face the pressure of competition use 
of other purposes. Irrigation encompasses social, economic, policy and 
institutional aspects, such as irrigation science, ecological fuction, entry into 
WTO challenges, etc. As a result, a great effort to ensure efficient utilization and 
sustainable use of irrigation water through improvement in irrigation system and 
water management is being made and also discussed in this paper. 
INTRODUCTION 
The climate of Taiwan is comparatively warm, which provides a long growing 
season and permits diversified cropping. There are two or more crops can be 
grown in a year, wherever water is available. The average annual rainfall is 2,515 
mID. Rainfall is abundant, but its distribution throughout the year is different 
locally and timely. This uneven annual rainfall is not quite in accordance with the 
growing seasons of crops. Therefore, irrigation is indispensable for crop 
production, which depends on the available water sources and adequate irrigation 
facilities as well as proper mana§ement. The total area of Taiwan is about 36,000 
lcm1 , ofwhlch 24% or 8,760 kID are cultivated lands including about 60% of 
irrigated land and 40% of non-irrigated land. In 1996, the total water used in 
Taiwan amounted to 18.1 billion m3 , of which about 10.2 billion m3 or 56% of 
the total was used for irrigation as shown in Table I (WRB, 1997). River off-take, 
reservoir/pond storage water and ground water are the three major water sources 
to be developed for irrigation. They are operated individually or conjunctively 
during the irrigation season with various irrigation systems, which can be 
JChlef, Irrigation and Engineering Division, Forestry Department, Council of 
Agriculture, Executive Yuan, Taipei, Taiwan, 100. 
1 Associate Professor, Department of Hydraulic and Environmental Engineering, 
Tamkang University, Taipei, Taiwan,2S1. 
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classified as(1)irrigation system directly diverting water from natural stream, 
(2)irrigation system with a reservoir, (3)irrigation system with irrigation ponds, 
(4)irrigation system with water supplied from irrigation wells, and (5)irrigation 
system with two or more of the aforementioned water sources. The total 
irrigations area in Taiwan is about 456,000 ha in 1997, of which 381,000 ha or 
76% are under the jurisdiction of 17 Irrigation Assoiations(lA) and the rest are 
managed by private farmers and Taiwan sugar corporation's farmers. These 
irrigation areas are served by 1,797 irrigation canal systems, 2,000 shallow and 
deep irrigation wells, and 18 reservoirs(TJIA,1998). 
Table 1. Water use ofTaiwan in 1996 
Unit: 106m3 
............. ............. ......................................................................... 
Area 0000000 North Central South East Total (%) 
................................................................................................... 
"Agricultural water use 2,020 5,557 3,650 2,271 13,498 (74.5) 
(I)Inigation 1,654 4,828 1,548 2,170 10,200 (56.3) 
(2)Fish-culture use 353 671 2,025 97 3,146 (17.4) 
(3)Livestock use 13 5 17 4 152 (0.80) 
Domestic water supply 1,524 619 660 59 2,862 (15.8) 
Industrial water use 625 426 663 51 1,765 ( 9.7) 
Total water use 4,170 6,602 4,973 2,380 18,125 (100) 
Source: Water Resources Bureau, Ministry of Economic Affairs,l996 
Taiwan had developed irrigation chiefly for rice cultivation for more than 300 
years. As paddy rice consumes a large amount of water and water becomes more 
and more limited in Taiwan, economical and efficient utilization of the limited 
irrigation water resources is essentially important For this point of view, water 
saving irrigation method and high irrigation efficiency management are developed 
for irrigation. This paper is to introduce the aspects dealing with irrigation 
performance and management prevailed in Taiwan, and some improvements due 
to the recent environmental and socio-economic changes. 
IRRIGATION DEVELOPMENT HISTORY OF TAIWAN 
Since rice is the staple food in Taiwan, irrigation has been essentially developed 
for rice cultivation. It began in the seventeenth century when immigrants came 
from mainland China. The early development of the irrigation systems were small 
scale with purpose mainly for rice production. Most of the irrigation systems were 
built and managed by the farmers themselves without any assistance from the 
government By 1895, a total area of about 350,000 ha had been developed for 
farm land, of which about 200,000 ha were under irrigation. 
During the period from 1896 to 1947, Taiwan was occupied by Japan. a set of 
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regulations calling for the registration of those private irrigation systems were 
promulgated by the Japanese government in order to put them under government 
supervision for well management and maintenance, and 181 public canal 
cooperatives were founded to take in charge for irrigation operation and 
management. In the meantime, the government canal cooperatives were also 
established for operation and management of those canals which were constructed 
by government. Later on, the Japanese government further reorganized the public 
canal cooperatives and government canal cooperatives into irrigation coopera-
tives. In this period, the existing systems were remodelled, consolidated, and 
enlarged, and a number of new systems such as Tao-yuan Canal, Chia-nan Canal, 
etc. were constructed. The irrigation area was increased to about 560,000 ha. 
After World War II, irrigation development in Taiwan had been carried out in a 
great efforts since 1945. First of all, rehabilitation of the damaged irrigation 
systems were the important works to be done, and about 260,000 ha of irrigation 
area were rehabilitated. 
Since 1956, some new development for economical utilization of water resources 
projects related to irrigation for agricultural production were conducted. The new 
development projects covered: {I )large-scale irrigation, such as Shih-men Canal 
irrigation system, Kuan-shan Canal irrigation system, Lu-yeh Canal irrigation 
system etc., (2)multi-purpose reservoirs, such as Shih-man Dam, Tseng-wen Dam, 
Min-teh Dam, Pai-ho Dam, etc., (3)ground water development, mainly developed 
in Yun-lin and Ping-tung area,(4)tidalland and river-bed land reclamation. By 
1962, the irrigation area was increased to 676,384 ha, which was the highest 
record in Taiwan. For the efficient utilization of the existing water resources, 
rotational irrigation practice, canal lining project, land consolidation projects were 
implemented. 
At present, the total irrigation area managed by 17 lAs is 381,000 ha, the total 
length of the leading, main, lateral, and sub-lateral canals and farm supplying 
ditches is 44,466 Jan (TJIA,I998). Especially, the length offarm supplying 
ditches is 30,353 Ian, or 68% of the total(TJlA,I998). The average length of 
supplying ditches per hectare is 80 m. 
CROPPING P~S AND TYPICAL FARM-LEVEL IRRIGATION SYSTEMS 
CroWing Patterns 
Since rice is the predominant crop in Taiwan, it is usually used for the 
determination of the most common cropping patterns according to the availability 
of irrigation water. The cropping patterns to be adopted in Taiwan may be 
classified into seven groups as shown in Fig. I (Wen, 1980). Of the total service 
area of381,OOO ha in the 17 lAs, the double rice-crop area is 261,000 ha, the 
single rice-crop area, 24,000 ha, the rotation cropping area (including two and 
three year rotations),83,OOO ha, and the upland crop area, 13,000 ha(TJlA,1998). 
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Fig.I. Various Cropping Patterns Adopted in Taiwan(aftet Wen, I 980) 
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Continuous Irrigation 
Taiwan was a barren island in the old day. When immigrants came from mainland 
China and settled. agricultural activities started and canals were built to convey 
water from streams for irrigation. During this period. the population was spare 
and the water was plentiful. there was no need to restrict water use. The irrigation 
practice in those days was of the continuous method. Starting with the 
transplanting of rice. the paddy field is continuously supplied with water of 50 
mm to 60 mm in depth through the period of rice plants except weeding. fertilizer 
application and harvesting. Water is applied day and night flowing into the paddy 
field at one end and out at the other end without any control. Such practice results 
in high use of water. In general. the irrigation rate was as low as 330 ha/(m3/s) in 
most area. 
Rotational IrriGation 
Due to the rapid growth of population and rapid development of industry in 
Taiwan after World War II. the use of cultivable lands and existing water 
resources for irrigation and other purpose is approaching to a limit. To develop 
new water resources is not only costly but also time consuming. In this respect, an 
attempt was made to improve the conventional continuous irrigation method in 
order to reduce the unnecessary waste of irrigation water. A promotion of 
rotational irrigation was. then. initiated. There are three different methods of 
rotational irrigation may be done (Chow. I 960 and JCRR.I968): 
A. Rotation by sections in the main canal, 
B. Rotation by sections in the laterals or sub-laterals, 
C. Rotation by farm ditch. 
In case A. the water will be conveyed in tum to different sections of the main 
canal. In case B. the main canal will have continuous flow while water will be 
conveyed to the various sections of laterals or sub-laterals successively. In case C, 
the water flow in the farm ditch will be intermittent while the flow in the main, 
laterals and sub-laterals will be continuous. In this case. the irrigation water is 
applied in appropriate quantity at the right time and in proper order so that all 
paddy fields may get the needed amount of water. In order to facilitate this 
method of irrigation. the whole area is divided into several rotation areas, and the 
irrigation systems are to be designed that irrigation water can be simultaneously 
be delivered into each individual rotation area of about 50 ha. the use of water is 
rotated in sub-divisions of a rotation area. called "rotation units". For example, a 
certain rotation area is divided into 4 rotation units, and the rotation interval is 4 
days. each rotation unit will get its share of time of irriga,tion application in 
proportion to its area(Fig. 2). In the aforementioned three types of rotational 
irrigation. case A or B is mostly used in drought period. while case C is used in 
practical irrigation. Experiment had shown that rotational irrigation can achieve a 
saving of about 20·30% in water without producing any bad effect on rice rowth 
and harvest. By this method, the irrigation rate was increased to 800 ha/(m Is). 
Fwthermore, rotational irrigation is in favor of plant growth. saves fertilizer 
eliminate water disputes. 
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Fig.2. Typicallayout of Rotation Area 
Land Consolidation-Improved Farm Level Structures 
Since land holdings in Taiwan have been very small and fragmental, the irrigation 
operation and management is inconvenient due to the inadequate and insufficient 
irrigation and road systems. A land consolidation program was started in 1958 to 
amalgamate the small and irregular farm plots and consolidate them by exchange 
and redistribution of farm roads, irrigation and drainage systems were made for 
better transportation, direct irrigation and effective drainage. A typical rotational 
area and water distribution system through land consolidation program is shown 
in Fig. 3. 
As to the water distribution on paddy fields with land consolidation, irrigation 
water flows continuously through the turnout gate and controlled by the 
measuring devices into the rotation area, and irrigation is rotated among rotation 
units. In the land consolidation area, each block area of about 10-14 ba is regarded 
as a rotation unit, and each rotation unit is subdivided in several plots with area of 
0.2 ha -0.4 ba (100-120 m long and 20-40 m wide). Irrigation water is delivered 
to each plot from the farm supply ditch directly, while in the rotational area 
without land consolidation, the water is supplied to the plot passing from field to 
field. Up to 1998, the total completed area is about 380,000 ha. 
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IRRIGATION MANAGEMENT 
In order to manage and utilize the irrigation water effectively, the Irrigation 
Association (IA) is organized by farmers according to water regions. The major 
functions ofIA are construction, improvement and maintenance of 
irrigation/drainage facilities as well as water management The total service area 
of the 17 lAs in Taiwan is 381,000 ha, and the typical organization oflA is shown 
in Fig. 4. 
The IA has a management division at its head office to handle irrigation 
management policy, water planning and scheduling, and irrigation supervision. In a 
typicallA , it has local regional management offices, called "working station". 
The irrigation working station operates and maintains the irrigation system. 
Besides, some lAs have water source and canal working station to control and 
supply the water. 
Field water distribution planning and execution are the main responsibilities of an 
irrigation working station. The station supervises and assists five to ten irrigation 
groups to carry out the water distribution and maintenance work of irrigation 
groups at the farm level. The irrigation groups are organized by the IA members 
themselves on the basis off arm-level irrigation systems without salary from the 
association. A group consists of an area of 50 to 150 ha and several teams, each 
with 10 to 15 members. The main work of a irrigation group is to maintain 
irrigation and drainage ditches, to distribute irrigation water, etc. 
IRRIGATION OPERATION 
Prior to the irrigation season, a preliminary water distribution plan is to be worked 
out by the management division at the head office according to the government 
policy, production goals, the existing reservoir/ponds storage and water release, 
water flows at diversion weirs, other available water sources, past records of 
irrigation requirements, canal conveyance losses, rotational irrigation intervals, 
and time of irrigation etc. The prepared plan is handed through regional 
management offices or directly to the working stations for further study and 
discussions with irrigation groups, and fmalization. The finalized water 
distribution plan is to be strictly carried out by the working ,stations. The canal 
operators of stations are in charge of regulation and controlling water flows along 
main canal, laterals, and sub-laterals. The irrigation supervision are in charge of 
water control and measurement at turnout gates on laterals or sub-laterals, and of 
inspection on farm-level water distribution which are undertaken by irrigation 
groups in their individual irrigation areas. 
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PROBLEMS RECENTI.. Y ENCOUNTERED 
As rice is the predominant crop in Taiwan in the early stage, paddy is grown 
wherever possible, so, there had been a surplus crop of rice production year after 
year. For example, the paddy harvested area was 502,018 ha with an annual brown 
rice production of 639,000 t in 1945, increased to a high record of 786,343 ha 
with a maximum production of 2,712,000 t in 1976(COA, 1994). Moreover, 
consumption patterns have been changing with increasing wealth, the average 
year consumption of rice per person has fallen from 134 kg in 1974 to 59 kg in 
I 996(DF, 1998), in addition, the international price of rice has been low, and there 
has never been a fixed export market for Taiwan's rice. In order to balance out 
production and marketing of rice, a paddy diversion program was initiated on 
1984 to divert the use of paddy field from the production of rice to alternative 
crops. The total diversified paddy field (including set-aside field) was from 
43,700 crop-ha in 1984, increased to 260,000 crop-ha in 1997(DF,1998). Under 
this program, theoretically, there should have a large amount quantities of 
irrigation water to be saved for other use. Actually, about 76% of the irrigation 
water is river off-take with local and time difference, and has been seriously 
polluted, which is very difficult to be used by other users. Besides, the diversified 
paddy field is not concentrated, and irrigation is still needed for those paddy field 
which has not been diversified, and for the upland crops field, so a certain amount 
of discharge in canal is necessary for canal conveyance loss. As a result, not only 
no more water can be saved for other users, but also the irrigation management 
becomes more complicated. At the present stage of economic growth in Taiwan, 
water demand has been increasing and the production of additional new water 
sources has become more costly. No new irrigation projects can be implemented 
for rice production due to economic feasibility factors. However, in order to 
maintain paddy field with area of about 350,000 ha for self-sufficiency in food-
crop products so as to ensure the security of food supplies and raise farmer's 
income so as to narrow the income gap between fanners and nonfarm workers, 
irrigation is still necessary. A certain amount of water is needed to be used for 
irrigation, but the percentage is decreased year after year. For example, the total 
amount of irrigation water used in 1996 was about 10.2 billion m3 or 56% of the 
total water used in Taiwan, which was much lower than the amount of 13.6 billion 
m3 or 81% in 1971. 
MEASURES OF IMPROVEMENT 
As mentioned above, due to the recent socio-economic changes, the water demand 
has increased with the increasing of population and the expansion of 
industrialization and urbanization. The acquisition of new water supplies for 
agricultural irrigation has been become more difficult and costly, and growing no 
more. Besides, the existing irrigation water faces the pressure of competition use 
of other purposes because of its lower production value per unit use of water. 
However, irrigation water resources are not only essential for agricultural 
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production but also maintaining the ecological functions. In order to incorporate 
with Taiwan's future long-term agriculturaI policy, and to maintain the paddy field 
functions, the following measures are made(Tsai,1998). 
I. In order to incorporate the dry and wet crops rotation plan, investigation of the 
existing irrigation water use is needed. Rasing the water use efficiency for first 
paddy in dry season is necessary. The paddy field protection and ecological 
maintaining is implemented on the ceased cultivation of the second paddy field in 
wet season. 
2. The "Appropriate quantity of irrigation water and dependable water sources 
investigation and evaluation "project is implemented for establishing the 
reasonable irrigation water adjustment and utilization. 
3. Strengthening improvements in irrigation management and operation 
techniques, repairing and improving the old existing irrigation system facilities, 
promoting the water saved pipe-line sprinkler irrigation are the measures for 
rasing the effective use of water resources. 
4. Strengthening the monitoring system on the irrigation water quality, 
implementing management of the water quality monitoring in the heavy( or serious) 
polluted areas and studying the degradation tendency in general polluted areas are 
continued to carried out. 
5. Automatic remote observing, transmission and prOCessing of irrigation 
operation data, and system control systems are installed on the major canals for 
real-time irrigation operation and management. 
6. Computer programming application to water distribution plan and irrigation 
scheduling, and irrigation systems' design are also conducted. 
7. The functions and achievements of paddy field on production, living and 
ecology is investigated and evaluated. The reasonable water use model in different 
areas and different seasons are established. 
CONCLUSIONS 
Paddy is the important crop to be grown in Taiwan. It maintains the self-
sufficiency in food-crop products so as to ensure the security of food supplies and 
raises farmer's income and to narrow the income gap between farmers and 
nonfarmers for a long time. Irrigation plays a very important role for rice 
production. Due to the recent socio-economic changes, the water demand has 
been increasing with the expansion of industrialization and urbanization. The 
acquisition of new water supplies for agriculturaI irrigation has become more 
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difficult and costly. Besides, the existing irrigation water sources face the pressure 
of competition use of other purposes. Irrigation development is no longer merely a 
problem of engineering. It encompasses social, economic, policy and institutional 
aspects, such as irrigation science, soil improvement, ecological functions 
protection, entry into WTO challenges, ect. As a result, a great effort to ensure 
efficient utilization of the limited irrigation water through the improvement of 
existing irrigation systems and intensive management should be made. 
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